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PREFACE 


In offering this small book on Elementary Physics 
to the students, I owe them an explanation for adding 
one more to the large number of text-books on 
the subject. While at Delhi, I had published ‘ Mecha- 
nics ’ and ‘Electricity and Magnetism’ in separate parts. 
Since then I have been asked by my pupils to complete 
the course. It is in fact, with that object in view, that 
I have ventured to present this elementary treatise to 
the Intermediate Science students. The book meets 
with the requirements of the candidates preparing for 
the Intermediate Examinations of the Punjab Univer- 
sity, but it will be found to cover the syllabi of the 
other Indian Universities as well. 

2. An attempt has been made to present the 
facts in such a way as to enable the student to grasp the 
fundamental ideas and help him to pass through his 
examinations. To facilitate the student’s work, a brief 
summary and a good many solved examples have been 
added at the end of each Chapter. Criticisms and 
suggestions to improve the book from teachers and 
students alike will be gratefully received. 

3. In the end, it is my pleasant duty to thank 
the several friends working in the Laboratory for offering 
valuable suggestions. My thanks are also due to 
Mr. Eachhpal Singh, B.A., B.T., for seeing the book 
through the press. 


GOVT. COLLEGE, LAHORE. | 

[ B. D. CHHABRA. 

Ist. May^ 1931. ] 



PREFACE TO SECOND EDITION 


The book has been revised and most of the sugges- 
tions received so far, incorporated in the text; which now 
includes the proposed additions to the syllabus. My 
sincere thanks are due to the several friends, who very 
kindly sent me valuable suggestions for its improve- 
ment. Changes have only been made where experience 
has shown that students found unusual difficulties. 
Further suggestions to make the book more useful to 
the students will be gratefully acknowledged, 

PHYSICS DEPTT. "j 

GOVT. COLLEGE, LAHORE. I B. D. CHHABRA. 

1st. January.) 1932. J 
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MECHANICS 

CHAPTER I 

INTRODUCTION 

1. Introductory : — Mechanics is that branch of 
Physics, which deals with motion. Its object is to 
describe the diiFerent kinds of motion and the laws 
governing them. 

To understand completely the various laws 
governing the motion of bodies, it is essential that the 
ideas of Space^ Time and Mass be clearly understood. 
Our first step in this direction would be to understand 
clearly the above mentioned fundamental quantities 
and the second, to deal with the methods employed to 
measure them. 

{i) Space. — Suppose you want to have a bath in a 
tub full of water to the brim. As soon as you get into 
the tub, some of the water overflows. It is impossible 
that the water should not overflow, because the water 
was occupying some space and now you want to 
occupy the very same space. Every body must have 
a certain space exclusively to itself ; so two bodies 
cannot occupy the same space at one and the same 
time. In this universe every star, planet, satellite or 
even the minutest particle of matter occupies a certain 
space to the exclusion of other bodies. 

(ii) Time. — Each day, the sun rises, moves higher 
into the sky, until at mid-day it crosses the meridian, 
then it sinks lower and finally sets. A man, who is 
in his senses, thus notices successive events taking 
place at successive intervals of time. 

The interval of time between the sun’s highest 
position on any one day and the same position on the 
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next day is called the apparent solar day. The length 
of such a day varies thronghout the year. But if the 
lengths of all the days in the year be added and then 
divided by the number of days in the year, we obtain 
what is called the mean solar day. 

(Hi) Matter. — Anything the existence of which can 
be recognised by the sense of sight, touch, taste, smell 
or hearing is called matter. Bodies are considered to be 
composed of matter and though we know many of the 
properties of matter, yet we know very little of its 
nature. Matter occupies space and possesses weight 
on the surface of the earth. 

Mass. — The mass of a body is the quantity of 
matter that it contains, a student can have better 
idea of mass than of any other foregoing terms. 

2. Measurement of Fundamental quantities : — 
The measurement of a quantity such as length is a 
familiar operation. To perform this, we take a rod 
and then find out how many times the length of the 
rod is contained in the length we wish to measure. 
In order that our measurement should be intelligible to 
the people, who cannot see the particular rod, it is 
necessary that the rod used should be of some definite 
length, which may be accepted as the standard and 
which may be easily procurable. Such a standard may 
be called a unit of length. A quantity is necessarily 
measured in terms of a unit of its own kind. In 
general, we measure the distance between two points 
m miles or feet, centimetres or inches; the mass of a 
lump of stone in tons or mannds; the time in days or 
hours etc. Hence we see, that to measure any quantity, 
we have to fix (he unit and then to compare the given 
quantity with the fixed unit. For example, when it is 
said that the distance between two fixed points is four 
feet, it is implied that a certain length called a foot 
has been adopted as a unit and that four of these 
placed end to end exactly cover the distance. 

The choice of a unit is perfectly arbitrary and is 
settled by convention and convenience. As a result of 
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the freedom of choice in the selection of units, the 
systems of all nations are not the same. In this book, 
we will deal with two distinct systems, ^QEnglit^ or the 
F.P.S. system and the French or the C.G.8. system. 

The English or Foot-Pound-Second system: — 

(а) The unit of length. — The unit of length is the 
‘foot ’. This is one-third of the yard, which is defined 
by an Act of Parliament* as “The straight line or 
distance, between the centres of the transverse lines 
on the two gold plugs in the bronze bar, deposited 
in the office of the Exchequer, shall be the genuine 
standard yard at 60° Fahrenheit and if lost, it shall 
be replaced by its copies.” 

(б) The Unit of Mass. — The unit of mass is the 
^ Pound Avoirdupois' and is the mass of a lump of 
Platinum marked “P. S. 1884 lib.” deposited in the 
Standards Department of the Board of Trade at West- 
minster. 

(c) The Unit of Time. — The unit of time is the 
Mean Solar Second and is equal 

part of the mean solar day. 

The Metric or Centimetre-Gramme-Second 
system ; — 

(а) The unit of Length. — The unit of length is 
the centimetre. This is one-hundredth part of the 
metre, which was defined by the law of the French 
Republic in 1795 to be the distance between the ends 
of a rod of platinum made by Borda f, the tempera- 
ture of the rod being that of melting ice. 

(б) The unit of Mass. — The , unit of mass is the 
Gramme and is one-thousandth part of the kilogramme, 


• 18 and 19 Victoria, Cap. 72, July 30, 1856. 

t At this date, the distance between the pole and the equator 
along a certain meridian arc of the Earth’s surface had recently 
been measured by Delambre; and it was supposed that Borda’s 
platinum rod at 0®0. represented one ten-millionth of this distance. 
Further research has, however, shown that this is not so. Thus the 
standard is the Borda’s platinum rod and not the Earth’s arc. 
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which is defined as a* certain lump of platinum made 
by Borda* in 1796 and kept in Paris. 

(c) The unit of Time. — It is the same as in the 
English system, that is the mean solar second. 

The units enumerated above are called funda- 
mental units, as all the other units depend upon them. 
These three units have no connection with one another, 
but all other units, with which we shall have tq deal, 
are dependent upon those and cannot be arbitrarily 
chosen, for if an arbitrary unit were selected for the 
measurement of every physical quantity, without any 
consideration of the interrelation of the quantities, 
great confusion would result. The units of other 
quantities therefore, are made to depend on the funda- 
mental units and are therefore called DERIVED 
UNITS. For example, the units of area and volume 
depend directly on that of length, they are respectively 
a square, whose side is one centimetre and a cube, 
whose edge is one centimetre. 

Fundamental Units on the two systems with their 
submultiples and multiples are given below : — 


P.P.S. or English system 
(a) Lengths. 

1 mile =1760 yards 
1 yard = 3 feet 

1 foot = 12 inches 

{b) Masses. 

1 ton =2240 pounds 
1 pound = 16 ounces 

(c) Time. 

1 Solar day = 24 hours 

1 hour = 60 minutes 
1 minute = 60 seconds 


C.G.S. or French system 

1 metre =10 decimetres 
1 decimetre =10 centimetres 
I centimetre =10 millimetres 

1 kilogramme = 1000 grammes 
1 gramme =i000mgms. * 

1 Solar day =24 hours 

1 hour =60 minutes 

1 minute =60 seconds 


The relation between the fundamental units in 
the two systems is shown below with sufficient 
accuracy. 


* It was intended that gramme should be equal to the mass of 
a cubic centimetre of distilled water at 4^C. 
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k* Lengths. 

1 metre =39’37079 ins. 

or 1*09362 yds. 
1 inch =2*53995 cms. 
1 mile =1*6 k. metre. 
1 cm. ='03281 foot 


B. Masses. 

1 gramme =*002205 lb. 

1 pound =453*614 grams. 

C. Time. 

The units are the same. 


3. Properties of mass. Although we know very 
little about the exact nature of matter, still we know 
many of its properties. These, we shall have occasion 
to refer at their proper place in subsequent pages. 

The most fundamental property of matter is that 
it occupies Volume^ which is defined as the amount 
of space a body takes up. We all know that the same 
portion of space cannot be filled up by diflferent 
portions of matter at the same time ; that is, every 
body occupies a certain portion of space to the ex- 
clusion of all other bodies.* The second important 
property of matter is that iJie quantities of matter in 
two portions of the same homogeneous substance are 
proportional to the volumes of the two. Thus if we 
have two equal cubes of iron, their masses (which are 
quantities of matter contained in them) are found to 
be identical and if they be combined into one, the 
volume as well as the mass of the combined body will 
be double that of each cube. 

Further we see that if the cube of iron considered 
above be turned into some other shape, i, e., a cylinder, 
still the quantity of matter will remain the same; 
hence we come to the conclusion that the mass of a 
body is always the same,^ and is not altered by changing 
its form. 

4. Sub-divisions of Mechanics. — Mechanics is 
subdivided into Kinetics and Kinematics. The latter 
includes Dynamics^ Statics^ Hydrodynamics and Hydro- 
statics. 


* An exception to this may appear in the case of absorption of 
water by a piece of sponge or a liunp of sugar. But in this case, the 
real volume of the sponge or sugar is less than its apparent volume, 
for their particles are separated by small air spaces and it is into 
these that the water penetrates. 
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Kinetics deals with the science of motion vMh 
reference to the forces causing it. 

Kinematics deals with the geometry of motion 
tcithoid any reference to the forces causing it. 

Dynamics deals with a set of forces acting on a 
body so as to produce motion. 

Statics deals with a set of forces acting on a body 
in such a way as to keep it in equilibrium. 

Dynamics and Statics are generally applied to the 
Mechanics of solid bodies and that branch of Mechanics 
which deals with the motion of fluids is called Hydro- 
dynamics and the one, which deals with the equilibrium 
of fluids is known as Hydrostatics. 

5. Motion. We have used the word motion 
above so many times, that it seems expedient to define 
it here. Motim is the change of position and that 
which moves is matte)'. In order to see whether a 
body is in motion or not, we have to determine its 
position at different intervals of time and to notice 
whether it changes or not. A body which occupies 
different positions at different intervals of time is said 
to be in motion. 

Motion and Rest Relative. Motion as defined 
above is a relative term. A body such as a window, 
is commonly said to be at rest, when it occupies the 
same position with respect to other surrounding objects 
such as houses, trees, telegraphic poles and the like ; 
but we know, the house itself is not actually at rest, 
for it is moving along with the earth round the Sun, 
Similarly two men seated in a moving railway carri- 
age are at rest relative to each other and to the 
carriage; but relative to other objects on the surface 
of the earth, they are in motion. The planets move 
round the Sun, the whole Solar system has a motion 
relative to other stars, which in turn may have their 
own motion. Thus whenever we want to investigate 
the motion of a certain object, we have to regard a 
certain other object as fixed which in practice is not 
absolutely true. Hence motion and rest are only 
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relative terms» 

Particle. It is a portion of matter, whose volume 
is considered to be negligibly small. 

6^ Force, ‘‘Any circumstance, the consequence 
of which is motion in matter is called jForce.” Thus 
the idea of force is subsidiary and it may be defined 
as any cause u^hich acting on a hody^ changes or tends 
to change its state of red or of uniform motion in a 
straight line. 

The earliest conception of force is that of muscular 
exertion and anything capable of producing similar 
effects. Thus a steam engine exerts force when 
moving a carriage and gunpowder exerts force on a 
bullet, when it is passing from the breech to the 
muzzle of the gun. 

In order that an agent may exert force, there 
must be something to be acted upon, which may 
offer resistance or impedence. A moving bullet is not 
exerting any force unless it meets some impedence 
such as a taiget. Force is always the mutual action 
of two bodies, one the agent exerting the force and 
the second the impedence offering resistance to the 
agent. Such a pair consisting of a force and resis- 
tance taken together is given the name of a stress. 
It is called a Pressure^ if the two forces are acting 
towards each other, and a 'Tension if the two forces 
are acting away from each other. 

7. Density. The mass of a given substance 
depends on its volume, but for bodies of given volume, 
the mass depends on the substance of which the bodies 
consist and also on the Physical conditions existing 
at the time. Thus a big lump of gold has a greater 
mass than a small piece of it. It is therefore expedient 
to have a term to denote the mass of a definite volume, 
say one cubic centimetre of any substance under 
normal conditions. This term is called Density^ which 
is defined as the mass of unit volume of the given suh* 
stance or the ratio of the mass of any quantity of it 
to its own volume. From the above definition, it 
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follows that the mass M grammes of a body is equal 
to the product of the volume V in cubic centimetres 

and D the density; for or J/= Fi). 

7 {Cl). Specific Gravity. Specific gravity of a sub- 
stance IS the latio of the mass of the given substance 
to the mass of an equal volume of water at As 

the mass of 1 c.c. of water at 4°C. is one gramme, 
therefore the measure of specific gravity or density of 
a substance is the same. But it is to be remembered 
that density is necessarily 7)iass per twit rolume, while 
specific gravity is a number^ because it is the ratio of 
two quantities. 

SUMMARY 

Mechanics deals with different kinds of motion and the 
laws governing them. 

Space. It IS the association of certain sense expres- 
sions in a group and its separation from other groups. 

Time. It is the recognition of an order of sequence. 

Matter. Anything, the existence of which can be 
recognized by the sense of sight, touch, smell, taste or 
hearing is called matter. 

Maas. It IS the quantity of matter m a body. 

Volume. It IS the amount of space a body occupies. 

F. P. S, and C. G. S. systems of units are the two distinct 
systems of measurement. In the F. P. S system, Foot, 
Pound and Second are the units of length, mass and time 
and on the C. Gr. S. system, Centimetre, Grramme and Second 
are the respective units. 

Motion. Change of position of a body is called motion. 

Particle. The smallest portion of matter, which has 
point existence and no linear dimensions, is called a 
particle. 

Force. That which changes or tends to change a 
body's state of rest or of uniform motion in a straight line, is 
called force. 

* Water has its maximum density at 4®C. and therefore that is 
chosen as the standard for finding the specific gravity of solids and 
liquids ; but for gases, Hydrogen under normal conditions of tern 
perature and pressure is chosen as the standard. 
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Stress. Force per unit area is called stress. 

Pressure. A pair of forces acting? towards each other 
IS called a Pressure. 

Tension A pair of etpial forces acting away from each 
other is called a tension. 

Density. It is mass per unit volume. 

Specific gravity. It is the ratio of mass of a ^iven 
substance to the mass of an equal volume of water at 4^('. 

EXAMPLES I 

1. Find tlie number of cubic feet in a litre 
1 litre - 1000 c. cnis. 

— 1000 (*0828)'' cubic ft for 1 cm. = *0828 ft. 

— 08532 cubic ft. 

2. The <lensity of a piece of cork is 0 25 ^^rammes 
per c. cm. Find it in tt)s. per cubic foot. 

1 c. c.==(*0828)' cubic* ft. 

— ‘00008582 cubic ft 

0*25 jrms. =‘25 X •002205 lb. 

Hence a volume of *00008,532 cubic foot contains 
‘25 X ‘002205 lb. 

‘25 X *00‘^*^n5 

.*• the lecimred <^ensitv = -- =15*608 lbs. 

00008o.'32 

per cubic Coot. 

8. Supposing metre to be one ten-millionth part of the 
distance from the Pole to the Equator. Find the circum- 
ference of the Earth in miles. 

4. Find the density of a cylinder one foot in height, 
6 inches in radius, and 40 tbs. in mass. 

6. What IS the mass of a sphere of gold 10 cms. 
diameter*-^ (density of gold=liro). 

6. The density of mexxury is 18*50 grammes per c.c. 
Find it in tbs. per cubic inch. 

7. The inside measurements of a rectangular tank are 
10 feet X 5 feet x 5 feet. OJalculate its capacity (a) in litres 
(h) in cubic feet. Find the mass of water, which it would 
hold (/) in kilogrammes {li) in tbs. 



CHAPTER II 

KINEMATICS 

VELOCITY 

8. Motion. It has already been defined as the 
change of position of a bodg. 

Speed. It is the rate of change of position of a 
body, when the line and the direction along which it 
moves are not taken into account. 

Velocity. It is the rate of change of position of 
a body, when the line and the direction along which 
it moves are taken into account. 

To express a velocity completely, besides men- 
tioning the magnitude, it is necessary to denote the 
direction and the line of motion. Such quantities 
(requiring specification of line and direction) are 
called rector quantities or rectors. Thus speed is not 
a vector quantity, while velocity is. Hence if a man 
were to move from O along OA at the rate of 20 feet 
per second in the direction 
of OA and his velocity 

were expressed by + 20 feet A' 0 — A 

per second; if he were now 
to move with the same Fio. 1 

rate in the opposite direc- 
tion OA', then his velocity in the latter case would be 
expressed by — 20 feet per second. 

Uniform Velocity. The velocity of a body is 
said to be uniform, when it describes equal distances in 
the same direction in equal intervals of time, how- 
ever small those intervals may be. As for example, 
the motion of a fixed star viewed through a 
telescope is uniform Velocity or the motion of the hand 
of a clock is uniform Speedy inspite of the fact that its 
direction is constantly changing. In the latter case as 
the direction continues changing, we use the word 

10 
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speed and not velocity. 

To find the distance JS cms. described in time 
t seconds by a particle moving with a uniform velocity 
of V cms. per second. 

Since the velocity is uniform, the particle passes 
over V cms. in each second. 

Distance traversed in one second =v cms. 

Distance traversed in two seconds =2v cms. 

Distance traversed in t seconds cms. 

Therefore S (the distance described m t seconds) = 

orv=-^ ( 1 ) 

This result gives us a method of measuring 
uniform velocity. Uniform velocity is thus obtained by 
dividing the distance traversed in any interval of time 
by that time. 

The unit of velocity on the F P.tS, system is the 
velocity of a body, which describes 1 foot per second 
and on the (7.(7 S. system, it is the velocity of a body, 
which describes 1 cm. per second. 

Variable Velocity. When a body moves over 
unequal distances in equal intervals of time, its velocity 
is said to be variable. Thus the velocity of a stone 
thrown upwards is an example of variable velocity 
for, as it goes up, its velocity goes on decreasing, 
until it is reduced to zero ; or the velocity of a train 
which starts from one station and reaches the next is 
variable; because at first on starting, its velocity 
increases and then decreases, when it approaches the 
next station. 

Average Velocity. The average velocity of a 
particle moving over a given distance in a given time 
is defined as the velocity, with which the particle 
moving uniformly would describe the same distance in 
the same time. It is found by dividing the distance 
traversed by the time taken to traverse it. 

Hence the variable velocity of a body at any 
instant is measured by the average velocity of the 
body for a very small interval of time, including the 
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given interval. 

Thus r=: where ds denotes a very small dis- 
dt 

tance traversed in a verj' srfiort interval of time dt, 

9 Composition of Velocities. A body may have 
more than one velocity impressed upoJi it simultan- 
eously. Consider a man moving along the foot-boards 
of a railway train in the direction of motion of the 
train along a platform. In this case ilie man shall 
obviously reach the farther end of the platform in a 
shorter time than when he were stationaiy aiifl tlie 
train alone in motion, for when both are moving in 
the same direction, the actual velocity, with which the 
man approaches the farther end of the platform, is 
equal to the sum of the velocity of the man and that 
of the train. 

On the other hand, if he were to move along the 
foot-hoards in the opposite direction, evidently it 
would take him a longer time to reach the other end 
of the platform. In this case the actual velocity, with 
which the man approaches the farther end of the 
platform is e(jual to the diftbrence of the velocity of 
the train and that of the man. 

Thus, if a body possess two velocities simultan- 
eously in the same straight line, the actual velocity of 
the body will be equal to either tlie sum or difference 
of the separate velocities according as the two veloci- 
ties ai’e in the same or in opposite directions along the 
line. 

Resultant. The sinyle rafoafy, which is equivalent 
to two are more velocities, impress(‘d on a particle, is 
called the Resultant of those velocities and each of the 
two or more velocities separately is called a component 
velocity. 

But the two velocities may not be in the same 
straight line. Consider a man moving diagonally 
across a railway compartment from A to B (fig. 2) in 
one second. Then if the compartment were at rest, 
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his velocity would be e<iual to AB. Suppose the train 
to be in motion and let AA^ represent the velocity of* the 
compartment. Draw B(J equal and parallel to AA^^ 
jom AC\ Then AC 
represents the resul- 
tant velocity of tlie 
man in magnitude 
as well as in direc- 
tion. The man, no 
doubt, walks across 
the opposite corner 
B of the carnage; 
but meanwhile the 
compartment has 
moved on and A is Fxo. 2 

at A^ and B at C, Ho the man finds himself at C, 
This principle is knoicn as the parallelogram law of 
velocitie$, which may be enunciated tlius : — If a 
particle possess simultaneously tfro relocHies represented 
in magnitude and direction by tico adjacent sides of a 
jmraUelograin, these are equivalent to a single resultant 
velocity represented hy the diagonal of the parallelogram^ 
passing through their point of intersecticm. 

Let OA^ OB ffig. 3), I’epreseiit the two velocities u 



and r respect- 
ively. Com- 
plete the parab 
lologram OACB-, 
and draw the 
diagonal 00. 

Then OO shall 
represent the 
resultant velo- 
city. , 

Imagine OA to be a hollow tube u cms. long 
moving parallel to itself with iiuiform velocity r, 
always having the end 0 on the line OB. Suppose f urt ei 
that at the instant at which the tube begins to move 
from the position OA, a marble is sent lu the tube 



and 

and 
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itself with a velocity w. Then owing to this latter 
motion, the marble at the end of one second would be 
at A, but owing to the motion of the tube itself, the 
point A at the end of one second, would have come to C. 
Thus the marble will be at C. Hence the marble 
has moved in one second from O to C with 
uniform velocity. Therefore OC represents the resul- 
tant velocity. 

To show that OC actually represents, the path of the 
marble, let us imagine that the tube occupies the position 

hca in — th of a second. Then the distance Ob traversed by 


the tube = X — = — and distance be traversed by 
n n ^ 

the marble in th of a second 18=—^; but by the 
n n 

similarity of As Obc and OBC we have 

be _ BO ^ OA _ Vl. _ u 

Ob OB OB 0 V ~ 0 


n 


11 

and the distance traversed by the maible in the tube in 

— th of a second is=^ — . 
n n 

Therefore the marble must be at the point c (a point on 

the diagonal AC) at the end of th of a second, now n 

may be given any value and thus we show that OC re- 
presents the actual path of the marble. 

If the two velocities u and v are inclined to each other 
at an angle 0, then the resultant veloc ity i? can be easily 
proved to be \/ uv cos 0 * 

When 0=90°, It=\/ u^+v^, <^os 90°=0. 

10. Triangle of velocities. If two velocities im- 

* For proof of this, the student should refer to Trigonometry 
(Solution of Triangles) 
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pressed on a particle he represented by two sides of a 
triangle taken in order^ their resultant is represented 
by the third side taken in the reverse direction. The 
proof of this follows directly from the parallelogram 
law of velocities, for if OAC ffig. 4) be the triangle 
and if OA and AC represent two velocities possessed 
simultaneously by a particle, then OC represents the 
resultant velocity, i, e. velocities OA and AC can be 
replaced by a velocity 0(7, thus proving the above 



theorem. If now a velocity represented by CO be 
impressed, then the resultant effect on the particle 
will be zero, for when two equal and opposite veloci- 
ties act on a particle it remains in equilibrium. Thus 
if a particle possess velocities represented in direction 
and magnitude by the three sides of a triangle taken in 
order, it remains at rest. The converse of this is also 
true, i. e. when three velocities acting on a particle are 
in equilibrium, then it is always possible to represent 
them both in magnitude and direction by the three sides 
of a triangle taken in order. 

11. Polygon of Velocities. If several velocities 
impressed upon a particle be repre,sented completely by 
alt hut one of the sides of a polygon, taken in order, 
their resultant is represented by that side taken in the 
opposite direction. 

Let velocities OA, OAi, OA^ and OA^ act on a parti- 
cle at 0. Draw OA equal and || to OA ; and AB equal and 
fi to OAi. Further draw BC equal and || to 0^42 and 
CD equal and || to OA^ ; then OD will give the resul- 
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tant of the above velocities. 

At first consider t-vo velocities OA and OAi, 
(Fig. 5). The resultant of these two velocities is 
equal to OB (by the triangle of velocities). Now 
consider three velocities OA, OA\ and OA 2 , the 


resultant of OB and BC is 
OC (by the triangle of ve- 
locities) but OB is the resul- 
tant of OA and OAi, there- 
fore OC is the resultant of 
OA, OAi and OA 2 . 

Thus as a general rule, 
it is clear that if the resultant 
of several velocities is re- 
(^uired, it IS necessary to draw 
from any point O a line OA 
to completely represent first 
velocity and then from A, the 
extremity of OA to draw a 
line A to represent the se- 
cond velocity and from B to 
draw a line BO to represent 
the third velocity and so on. 
Then if D be the last point 



Fig. .5 


thus found, 0/) is the resultant velocity. 


We notice however, that if 1) were to coincide 
with the point 0, then the resultant would be equal to 
zero and the body would be at rest. 'Hi us tee 
can say that if several velocities impressed on a particle 
he represented by the sides of a closed polygon taken 
in order, the particle toill remain at rest. 


12. Resolution of Velocities. The inverse 
process to that of “compounding” is called resolution 
and is an operation which is highly useful in tackling 
problems of applied mechanics. One velocity can be 
resolved into a pair of velocities called its components, 
such that they are equivalent to the given velocity. 
^11 that is required is that the two components shall 
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be represented by the sides of a parallelogram, of 
which the diagonal represents the velocity, whose 
resolution is required. 

Thus if it were required to find the components of 
a velocity represented by XY in the directions OA and 
OB^ all that is needed is to draw a line XA from ^parallel 
to OA and a line XB from X parallel to OB and then to 
complete the parallelogram XB VA (fig 6) The velo- 
cities represented by XA and XB arc components of 
XYj and they are parallel respectively to OA and OB. 
This method of finding components is called the 
graphic method. 

From the above, it is evident, that a velocity can 




be resolved into an innumerable number of pairs of 
components depending upon the direction and angle be- 
tween the two components ; but the case, when the 
two components are at right angle to eacli other 
deserves special consideration. This is of very frequent 
occurrence and in this case it easy to find out the 
resolutes, for if one of them 
makes an angle <x (fig. 7) with 
the resultant then the compo- 
nent in that direction would be 

R cos for — =cos <x or OA 
t/G 

i=OC cos a — R cos <x, and 
similarly the component in the 
other direction would be 
R cos (90 — *) or R sm a.. Hence, when a velocity is re- 
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solved into two other velocities, mutually perpendicular 
to each other, the resolute in each directioms foimd bij 
multiphjing the original velocity by the cosine of the angle 
between it arid the directmi of original velocity, 

13. Relative velocity. All motion, with which 
we are concerned is relative, and we know that a 
body A IS in motion relative to another body 7i, 
when the length or direction of the line AB joining 
A and B varies. Sometimes cases occur, where it is 
desirable to determine the motion of one body relative 
to another which itself is in motion. To do this, it is 
essential to understand clearly that the relative velocitj" 
of two bodies is not altered by superposing on both, the 
same velocity. For example, the relative motion of 
two men moving in a Railway compartment is the 
same, whether the compartment is in motion or at rest. 
The relative velocity of amoving body A with respect 
to B is found by imparting to both of them such a 
velocity as will reduce B to rest ; then the resultant 
velocity of A is its relative velocity with respect to B, 

SUMMARY 

1. Speed. The rate of change of position of a body 
without any reference to the direction and line of motion is 
called speed. 

2 Velocity. The rate of change of position of a body 
when the direction and the line of its motion are taken into 
account, is called velocity. Velocity is a vector quantity 
while speed is a scalar one. 

3. Uniform Velocity. Velocity is said to be uniform, 
when a body describes equal distances in equal intervals 
of time, however small. 

4. The distance traversed by a body in t seconds 
moving with a uniform velocity u is given by S=^ut. 

5. Variable Velocity. Velocity IS said to be variable, 
when a body describes unequal distances in equal intervals 
of time. 

ds 

6 . Average Velocity 


By so doing, the relative velocity will remain unaltered. 
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7. The process of compounding two velocities into 
one IS called composition of velocities, and its reverse 
process is called the resolution of velocities. 

8. Resultant. The Single velocity, which is equivalent 
to two or more velocities, is called the resultant of those. 

9. Parallelogram Law of Velocities. If a paiticle possess 
simultaneously two velocities, represented completely by 
the two adjacent sides of a parallelogram, these are equiva- 
lent to a single resultant velocity represented by the diago- 
nal of the parallelogram, passing through their jioint of 
inteisection. 

Triangle of Velocities. If a particle possess velocities 
represented iii direction and magnitude by the three sides 
of a triangle taken in oider, it lemaiiis at rest. 

Relative Velocity of a moving bodv A with ies])ect to 
another moving body is found by adding to lioth of them, 
such a velocitv as will reduce 7> to rest, then the resultant 
velocity of A is its relative velocity with lespect to /L 

EXAMPLES 


1. A bodv moves at the rate of GO ft. pei sec. What 
distance would it travel in 5 minutes 

Here it =60 ft. per second 
and t = bX GO seconds 
But H = lit 

S = 60X300=: 18,000 feet 

2. Find the speed of the earth lound the Sun, 
assuming it to describe in 365 days a circle of 02000000 
miles radius. 

The ciicumfereiice of the eaith’s oibit is 
= 2X Y“ X 02000000 miles 
44 

or=: — — X 02000000 X 1760 X 3 feet. 

365 days are equal to 365X24x3600 seconds 
Hence in 365X24X3600 seconds the eaith moves 

44 S 

Y X 3 X 1760 X 92000000 feet. But speed= - ^ 


Speed = 


44 X 3 X1760X92000000 
7 X 365 X 24 X 3600 


= 97691 feet per second. 

3. A monkey is climbing the mast of a ship at the 
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rate of 6 feet per second. Pind the actual velocity of the 
monkey, when the ship itself is moving at 15 miles per 
hour due east. 

The two velocities are at right angles to each other 
and by the parallelogram law the resultant R in this case 
IS given by 

but u =6 feet per second 


. _ 15X1760X3 oo^ . 4 

and V = — — =22 feet per second 

60 X 60 

i?^=6^ + 22^ or i2=\/5*20=22‘80 feet per second 
and in a direction making an angle 6 [the tangent of which 

IS ] with due east. 

22 

4. A man swims across a river half a mile wide at 
the rate of 3 miles per hour. The iiver is flowing at the 
rate of 4 miles per hour. Find (0 the resultant velocity 
of the swimmer (if) the distance down the stream the 
swimmer reaches the opposite bank. 


XT 1 ^ .3X1760X3_22 . . 

Here u the velocity of the swimmer = — r feet 

60 X 60 5 


and i; the 


stream 


per sec. 

4X1760X3_88 
60X60 15 


per sec. 

and as the two velocities are perpendicular to each 
other the resul tant velocity R — 

\/(¥r feet per second. 

The velocity of the swimmer across the stream is 


22 


feet per second and the width of the river=i^X 1760X3 


=264 feet, therefore the time taken by the swimmer to 

reach the opposite bank = ^^^ ^600 seconds. 

22 


During this tuner seconds, the Vater would 



VELOCITY 


21 


take the swimmer 


X — 3520 feet down. 


Caution. The distance traversed in any direction when 
the two velocities are at right angles to each other is 
found by supposing as if the other velocity were absent. 

6. One of the resolutes of a velocity of 60 miles per 
hour is a velocity of 30 miles per hour, find the other 
component. 

Suppose that the given resolute makes an angle ct 
with the given velocity. 

Then we have 30=60 cos ct 


Cos or Gt=60° 

\/3 

The other resolute must be 60 X sin a =60 ■ ~ 


=30\/3 miles per hour. 
6. A body is moving along a straight line OX with 
a velocity of 4 feet per second. When it reaches the 
point A", a blow is given to it, causing it to move along 
XZ at right angles to OX with a velocity of 3 feet per 
second. Find the magnitude and direction of the velocity 
impressed upon the body at X, 

Draw the figure as shown, so that XB represents the 
velocity of the 

v/ 




B 




body at 4 feet 
per sec. before 
the blow and 
XZ represents 
the velocity of 
the body at 3 
feet per second C Z 

after the blow. 

Join BZ and FiG. 8 

complete the parallelogram. 

Then XZ is the resultant oi XB and XC. 

Therefore XC represents the velocity, which must have 
been given to the body when at X 

But XC^-XZ^ + ZC^ 

=32 + 42 


XC=5 feet per second and in the direction as 

shown. 

7. Rain is falling vertically with a velocity of 8 
miles per hour and a man is walkuig due east at the rate 
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of 4 miles per hour. At what an^le to the vertical must 
he hold his umbrella to make the ram drops hit the top 
at rijrht angles ? 

Impress upon both a velocity equal to 4 miles per hour 
due west. The velocity of man would thus be equal to zero 
and the resultant velocity of the ram would be equal to 
5 miles per hour and would appear to be m a direction 
making an angle, the sine of which is with the east. 



Fiq. 9 

Thus if the man wants that the drops should fall at it.Zs to 
the top of the umbrella, then he should incline it at the 
above angle, i,e. 37° to the east. 

8. A ship IS sailing at the rate of 10 miles an hour and 
a sailor climbs the mast 100 feet high m 10 seconds. Find 
his velocity relative to eaith. 

9. A velocity lepreseiited by one side AB of an 
equilateral triangle AB(^ becomes changed into one repre- 
sented by the side AC, find the change m velocity. 

10. A velocity of 10 miles an hour to the east is 
changed into one of 10 miles an hour to the north. Find 
the change m velocity. 

11. An eeroplane flying due north at the rate of 40 
miles an hour is carried westward by the wind at the rate 
of 20 miles per hour. What is its resultant velocity 

12 A stone falls through 40, 70 and 100 feet m three 
consecutive seconds. What is its average speed ? 

13. A boat IS rowed upstream at 8 miles per hour 
through the water, which is flowing at the rate of 5 miles 
per hour. What is the resultant velocity of a man on 
boaid the boat, when he walks {l) from bow to stern and 
(u*) from stern to bow at 4 miles per hour ? 

14. A train is travelling at the rate of 25 feet per 
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second when a rifle bullet fired at ri^jht angles to the tram 
passes through the opposite window of a carnage 6 feet 
wide, with a velocity of 200 feet per second. Draw a 
graph to show the path of the bullet through the carriage. 

15. To a passenger on a ship steaming northwards, 
with a velocity of 15 miles pei hour, the wind appears to 
blow from the north-west with a velocity of 15v/2 miles per 
hour. Find the true direction and velocity of the wind. 



CHAPTER III 

ACCELERATION 

14. Acceleration. So far we have fixed our atten- 
tion on uniform motion, but the velocity of a body may 
change either in magnitude or in direction or in both. 
The rate of change of velocity is known as acceleration. 

Acceleration may be Uniform or Variable. It 
is said to be uniform^ when velocity increases or 
decreases by equal amounts in equal intervals of 
time, however small. It is measured by the velocity 
gained in that direction in a certain time, divided by 
the tune taken to gain it. And it is said to be variable^ 
when the velocity does not increase or decrease by 
equal amounts in equal intervals of time; and it is 
measured at any instant by the change in velocity, 
which would take place in one second, if during that 
second, the velocity were to change uniformly. 

It should be noted clearly that the numerical 
measure of an acceleration is the number of units of 
velocity added per second and we have already seen 
that velocity is measured by the number of units of 
space traversed per second. Thus to express velocity 
we speak of so many centimetres per second. When 
dealing with acceleration, we speak of so many Centi- 
metres per second per second. 

The latter phrase is rather perplexing for the 
beginners. The repetition of the words per second 
seems to them unnecessary ; but the mystery is solved, 
if instead of the abbreviated form, it is put yr its actual 
form i.e. an acceleration in which in each second^ a 
velocity of so many feet per second is added.” 

Unit Acceleration, (e) C.G.S. system. — A particle 
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has unit acceleration, when its velocity increases in 
each second by one centimetre per second. 

{ii) F.P.S.sjistem. — A particle has unit acceleration, 
when its velocity increases in each second by one foot 
per second. 

If the units of distance and time be changed, the 
numerical measure of a given acceleration is also 
changed. 

Uniform acceleration. For the present we will deal 
with uniform acceleration in the direction of motion. 

To determine the velocity of a body after 
t seconds moving with uniform acceleration of a feet 
per second per second and having an initial velocity of 
u feet per second. 

Let the initial velocity be u feet per second 

the acctile ration be a ,, per sec. per sec. 
and, the final velocity be r ,, after t seconds 
In one second a velocity of a centimetres per 
second is added, 

therefore at the end of 1 second the velocity is u^a 
at the end of 2 seconds the velocity is 4- 2a 
at the end of d seconds the velocity is a + 3a 
and so on 

At the end of t seconds the velocity is a + ^.a, but as 
the final velocity is v ft. per second, 

therefore we have v=u4'at (2) 

If however, the velocity decreases with the time, 
the acceleration is negative and we have v=u — at. 

To represent the velocity of a uniformly accelera- 
ted body graphically. 

Draw a horizontal line OX, (fig 10) to denote 
time and a vertical line OY to represent velocity. 
Choose suitable scales to represent time and velocity. 
Mark off along OY a length OR to represent the initial 
velocity u. Through R draw a line RS |1 to OX and 
mark otf P', P, P" etc. along the line OX to denote 
1), (^+1) ^tc- seconds, and from these points 
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draw r'Q'^VQ^ Q'^ etc., normals to 

S'Q^=z{t^i)a, ;SQ 

and so on. Then Y 
these lines would ' 

represent the mere- ^ 

ments of velocity y/ 

up to the einl of ^ X 

1), (f+ 1} e^c. u X 

seconds, and the Q / 

lines (rP\ QP, J / 

Q'^P^^ etc, represent ^ ^ 

the actual velocities y/^ qj < 

at the end of (f— 1), pj — — - 

t^{t+l) etc, seconds. 

The line ItCVQiP' 

represents the re- Q * ■ ■ ■ — 

locity curve and as TIME P 

shoivn in the figure^ 

it is a straight line. Fig. 10 


RS making 


ppp 


Fig. 10 


The acceleration is given by the tangent of tlie angle 
QRS, Its value is the same for all points on the curve 
because PQ is a straight line. 

To find Graphically the space traversed in 
t seconds by a particle moving with uniform accelera- 
tion of a feet per second per second, when the 
particle starts with an initial velocity of u feet per 
second. 


RQ'QiP^ (fig. 10) represents a velocity curve. 
Let us suppose that P^Q^ and PQ are very near 
to each other, so that wo may neglect tho change in 
velocity, which occurs in the very short inteiwal of 
time 9 represented hyP^P, 

Let the velocity represented by PQ be equal to v. 
Then the space traversed in time Q would clearly be 
equal to for v the velocity may be assumed to be 
very nearly constant when Q is assumed to be very 
small. Therefore the space traversed would be equal 
to the number of units of area in the narrow figure 
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QQfr^P. Now the whole figure can be divided into a 
large number of such rectangles, each of which re- 
presents the space passed over in the small time Q re- 
presented by the distance between consecutive ordinates. 
Hence the space passed over in the tune represented by 
OP IS equal to tJie area OPQR. 

From the figure we see that this area is made up 
of the rectangle OPSR and the triangle USQ. 

This area=(>7^ x OP+ 

/, X X (for aS'Q represents increase 

in velocity in tune t) 

or s=ut+ (3) 

The space traversed by a uniformly accelerated 
body can also be found out by multiplying the average 
velocity by the tune. But the average velocity is 
obtained by halving the sum ot the initial and final 

velocities i e. by^'^-^^ The vertical line drawn from 

a point midwaj^ between O and P (not shown in 
(Fig. 10) would be of height r+ or 
Where e^=:the initial velocity 

i’=:tho final velocity at the end of f seconds 
and SQ (Fig. 10), the increase of v over tq is equal to aL 
Any ot the three expressions, i.e. 

(i) u+^l 2 afj {ii) w — ^2 and {Hi] V 2 (^f'+r) 
when multiplied by the time ^will give the distance travel- 
led in that time. 

The average velocity - -and S= X t (3a) 

or / 0 =( ) U tor v^iurat 

or 8 =ut+V 2 at 2 

To find the velocity at a given distance from the 
starting place. 

Let R be the initial velocity 

V ,, ,, final velocity at the end of t seconds 

8 „ ,, distance traversed during the time t 

and a be the acceleration. 

We have proved that {i) v—u^at 
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and (ii) S ^ 

or by simple transposition. 

Multiplying the corresponding sides of the above 
equation, we get 

v2— u2=2a8, . (4) 

Formulae connected with uniform acceleration. 

We have proved the following lormuhr, in which 
the symbols have the meanings attached to them in 
the preceding section. 

v=u + at (2) 

s^ut+Vs^t^ ... (3) 

s=Vs(u+v)t, . (3a) 

v^=u*^ + 2a8. ... (4) 

If the initial velocity ti be zero, then the above 
equations can be written as 

v=at 2 

8s=V2at^ 3 

gszri/gVt 3a 

v2=;2a8 4 

IS. * Falling Bodies. When a body is allowed to 
fall to the earth^s surface from a point above, it is 
found that within small range, the acceleration is fairly 
the same and uniform for all bodies. This acceleration 
is generally spoken of as “ acceleration due to gmvity,’^ 
and IS denoted by the letter g. The value of g in the 
C,G,IS, system varies between 983’11 cms. per second per 
second at the poles to 978 10 cms., at the equator; and 
is generally taken as 981 cms. per second per second 
in calculations. In the F,F,S. system it is taken as 
32 feet per second per second 

Thus the formulae referred to above, in the case of 
falling bodies can be re-written as 

v=u+gt 2b 

8==ut+V2«t^' 3b 

v2=u2 + 2gh .... 4b 


* The cause of this is dealt with in Chapter V. 
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where h is the height from which the body falls. 

In the case of a body projected vertically upwards 
the formulas may be written as 

.. ( 2 //) 

.. (B//) 

.. . .(4ft') 

where ft is the height to which the body is projected. 

16. Composition and Resolution of Accelerations. 

A particle may have two or more accelerations com- 
municated to it simultaneously, then the resultant 
effect IS found in the same way as m the case of 
velocities, i,e. by the parallelogram law. The proof is 
the same as given above for velocities ; except that we 
have to write acceleration for velocity. 


EXAMPLES 


1, A particle has an acceleration of 32*0 feet per sec. 
per sec. Express it m (e) cms. per sec. per sec. and {ii) in 
yards per minute per minute, (l ft.=30 48 cms.) 

(e) In 1 sec. a velocity of 32‘G feet per sec. is added 
In 1 sec. a velocity of 32*0 X 30*48 cms. per sec. is added, 
the acceleration is 32 0 X 30*48 


=975 36 cms. per sec. per sec. 

{U) In 1 sec. a velocity of 32 0 feet per second is added 




%yards „ 
o 

>7 

or 


32 ^ (JO . 

„ — X - „ minute 

o 1 

77 


1 minute „ 

32X60X60 , 

„ ^ yards „ 

77 


... , ^ 32 X 60 X 60 . 

• • the acceleration IS -yds, per min. per mm. 

o 

This is equal to 38400 yards per minute per minute, 

2. Convert an acceleration of 40 m C,G,S, system, to one 
in which the units are a kilometre and an hour. 


1 cm. = 


100000 


of a kilometre, 
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and 1 sec.= 


3600 


of an hour. 


In 1 sec. a velocity of 40 cms. per sec. is added, or 

In 1 sec. a velocity kins, per sec. is added, or 

lUUuUU 


In 1 sec. a velocity of 


40 


JtOOOO 


X — — kins, per hour is 


added. 


, 1 ^ .40 X .3600 X 3600, 

Therefore a velocity of Jqoqqq 

ed after every hour. 

This IS expressed as 5184 kms. per hour per hour. 

3. A particle moving fiom rest with uniform accele- 
ration has a velocity of 192 feet per second, after 6 seconds, 
rind its acceleration. 

We have v^u-\-at 
or 192~0 + «. 6 


192 

6 


=32 feet per sec. per second. 


4. A particle starts with a velocity of 3 cms per sec. 
and an acceleration of 1 cm per sec per sec. Pind (i) its 
velocity after 6 seconds, {u) distance traversed in 10 seconds 
and ini) the distance traversed when the body acquires 
a velocity of 5 cms. per sec. 

{i) I =11 + at .• ^; = 3 + lX6 

velocity after 6 secs, would be 9 cms. per sec. 

{a) s = nt+^liat^ 

5 = 3X10 + ^2.1X102 

or 5=30+50=80 cms. 

(m) 

52-32=2.1 .V 

S=S eras, 

5. A particle starts with a velocity u and an accele- 
ration— a; find (?) the time when it would come to rest, 
(u) the time when it passes through the starting point again. 

(i) Let the time be t. 

Then we have vthe final velocity =0 
0=u^at 



ACCELERATION 


31 


(//) Let the time be T, 

Then we have S — Q for the particle is again at the 
staiting point. 

Then we have 

either T — i) . . (/) 

or ic-^^lftaT=^0 (dividing both sides by T) 



a 


6. Two bodies A and I) are 138 feet apart. A starts 
from rest and moves towards H with an acceleration of 5 
feet per second per second ; while B starts at the same time 
to meet A and moves with uniform velocity of 8 feet per 
second. When and where do they meet ^ 

Let t be the time after which thev meet 
Then A tiaverses a distance = ^2 5. feet, 
and B ,, ,, ,, <=8. t feet. 

But both of them together cover a distance = 138 feet ; 
therefore we have 138=8t4-f ^ or t=6 seconds, 

and they meet at a distance of 8X6=48 feet from 7i. 

7. Find the distance travel sed over by a falling body 
111 tlie nth second of its motion. 

Let Si be the space traversed up to the beginning and 
Sj ,, ,, ,, ,, end of the ^ith second 

then (n— *1)*^ 

and 

.. — Si = ^l 2 (j\n^ (n 1)^1' 

= V2(y(2)i— 1). 

8. A ball IS pro)ected upwards with a velocity it; find 
(f) the greatest height to which it will rise, (ii) the time of 
rising to the greatest height and (lit) the time of falling to 
the ground. 

(i) v^’-it^ = —-2(jh 



{it) Let the time be then we have 

or < 1 = — 

g 

{in) Let the time be then we have 
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8 = 


2(/^‘2 

2 


2 


or 

2(j 


from {[) above, 


Hence the time of rising u]) is equal to the time taken 
to fall through the same height. 

9. A train passes three consecutive quaiter-mile posts. 
It takes 20 seconds between the liist and the second, and 25 
seconds between the second and the third. Find its 
retardation, supposed uniform. 

10. A body moves from rest and has its velocity 
uniformly accelerated. If it describe 40 feet m the first 
two and a half seconds of its motion, what distance does it 
desciibe in the next second*'^ 

11. What acceleration IS needed to get up a speed of 
thirty miles an hour m a half-mile run What is the 
break retardation, that could destroy this motion m 100 
yards What retardation would stopping in 8 yards re- 
present ? 

12. A tram moving with an acceleration — 3, has a 
velocity 45 when passing a particular point. How much 
further would it go ? 

13. When a balloon has ascended vertically at a 
uniform rate for 6 seconds, a stone let fall from it reaches 
the ground m 9 seconds after leaving the balloon. Find the 
velocity of the balloon and the height from which the 
stone IS let tall. 

14. If the measure of an acceleration be 264, when 
a yard and a minute are the units of length and time, find 
its measure, when a mile and an hour are the units of 
length and time. 

15. A stone is dropped fiom a balloon moving verti- 
cally upwards with a uniform velocity of 60 feet per second 
and reaches the ground m 4 seconds. Find the height of 
the balloon («) when the stone was dropped, and (ii) when 
the stone reaches the ground. 

16. You throw a cricket ball and catch it after 5 
seconds, how high would it go and with what velocity 
would it return to you ? 

17. A falling body describes 100 feet in the last 
second of its motion. Find how far it must have fallen and 
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also the time taken. 

18. From a cliff 400 feet high a bullet is fired hori- 
zontally with a velocity of 44 feet i)er second Find the 
time and the distance trom the foot ot the cliff, when the 
bullet reaches the ground. Also find how tar it will roll 
along the surface, if on reaching the earth, it is subjected 
to a retardation ot 1(> feet per second per second. 

19. A stone is thrown vertically upwards and just 
reaches a point 80 feet above the point of projection. 
Find the tune taken by the stone to reach the highest 
point. 

20. A body moves in a stiaight line with uniform 
acceleration of 40 feet per second per second Find the 
time necessary to increase its velocity by 10 miles per hour. 

21. A l>all thrown up from Ihe toj) oi a tower with a 
velocity of 40 feet per second reaches the ground after 
5 seconds. Find thelieight of tlie tower? 



CHAPTEK IV 

LAWS OF MOTION 

17 . Of the various Natural Sciences, Mechanics is 
an experimental science, though the exjiermiental side 
is obscured by its mathematical torm. The Laws of 
Motion cannot be proved like mathematical theorems for 
they are generalizations from experience. Their justi- 
fication however, lies in the accuracy, with which we 
can predict the behaviour of bodies under the influence 
of the given forces. Astronomy, which deals with the 
movements of heavenly bodies is built on the laws of 
motion and it is a matter of common knowledge, that 
the movements of heavenly bodies are predicted very 
accurately years in advance and these predictions cor- 
respond exactly with the actual observed facts. Thus 
we conclude that there could possibly be no error in 
the principles on which the calculations depend. 

Momentum. So far we have studied motion with- 
out any reference to the moving body ; but it is evident 
that in every case of motion there must be some matter 
that moves. Let us observe the effect of quantity of 
matter (/. e, mass) of the moving body on its motion. 
To do so, suppose a pound weight is allowed to drop 
from a height of one foot. To stop it a certain amount 
of muscular effort is required, but it will be stopped 
without much difficulty. Suppose now that instead of 
one pound weight, one maund weight was dropped 
from the same height, the velocity would be the same ; 
but the effort required to stop it, would be much greater. 
Thus the effort necessary to stop a movmg body depends in 
the first instance upon its mass. 

Again suppose that the same one pound weight is 
84 
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dropped from a height of 100 feet instead of one foot ; 
the effort required to stop it would be much greater 
than in the first case. Why ? Because, the velocity 
with which it reaches the hand now is ten times as large 
as the previous velocity. Thus we learn that in the 
second instance, the effort required to stop a niocimj body 
depends upon its velocity. Hence, consistent with these 
facts, it is proper to speak of the quantity of motion m 
a body as proportional to its sjjeed and mass. This 
‘quantity of motion’ is termed momentum. It is on 
account of the great momentum of the moving masses 
of air and dust particles that trees and telegraphic poles 
are uprooted. Thus momentum of a body is the property^ 
tvhich it possesses by virtue of its mass and velocity con- 
jointly and it IS always measured by the product of the 
77 iass and the velocity 

M=mv (5) 

Unit of momentum. The unit of momentum is 
the momentum of a unit mass moving with unit 
velocity. No special name has been given to this 
unit, though many have been suggested. 

Change of momentum. It the velocity of a mov- 
ing body IS changing, its momentum must also change 
since the mass of a body remains constant therefoie 
the rate of change of momentum is equal to the ma.ss 
multiplied by the I'ate of change of velocity, %. e. ma.s.s 
X acceleration. 

Thus if the velocity of a mass m be u and after 
t seconds its velocity be v, 

then change of momentum =m {v — u) 

and the „ „ in one second 

but — ^ =u + at 

z 

change of momentum per unit of time=mxa. 

18. Newton’s laws of motion. 

First law. “Every body preserves or continues 
in its state of rest or of uniform motion in a straight 
line, except in so far as it is compelled to change 
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that state by impressed forces ’’ 

Second law. ‘^Eate of change of momentum is 
proportional to the impressed force and takes place 
in the direction of the straight line in which the force 
is impressed.” 

Third law. every action there is always an 

equal and opposite reaction, that is to say, the ac- 
tions of two bodies upon each other are always equal 
and directl^^ opposite." 

The first law. The first point to notice about 
this law IS that it includes the definition of force, 
for it states that Avithout force there can be no change 
of motion. If the resultant force is zero, then accele- 
ration or (change of motion) is zero. A body must 
continue in a state of rest or of uniform motion in a 
straight line, unless some force acts upon it to change 
it. It is in keepinrj mt/i the general axiom that no 
effect happens without a cause. It is not likely that a 
piece of matter should change its own state (whether 
of rest or of motion) without some external cause. Thus 
if cash disappears from a safe, we invariably ask : 
Who has removed it*'^ — the suggestion that the cash 
may have moved itself being rejected as improbable. 

The sole cause of change of motion in matter is 
force. This furnishes us with a definition of matter 
in terms of force. 

Thus matter is that^ which requires force to change 
its position. This jiroperty of matter is 
called Inertia. This inability of matter to 
change its position is Newton’s test of 
matter. This is beautifully explained 
by the help of the experiment shown in 
fig 10 {a) A stone hangs by a string a and 
another string h hangs downwards from 
the stone. If a jerk be given to the 
lower string it breaks because due to 
inertia of the stone the force of the jerk 
cannot produce any effect above it. If Fiq. 10 {a) 
however, the force applied be slowly increased tJien 
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the upper string breaks, because the force on it will 
be equal to the sum of the applied force and the 
weight of the stone. To answer whether electricity, 
ether or heat is matter, we have to inquire, ‘Does 
either of these requiie force to change its state of 
motion ? ’ (This is the simple test of matter) 

The second part that a moving body should 
continue moving unilormly in a straight line for ever 
unless acted upon by some impressed force, seems at 
first to be contrary to expeiience ; but this is due 
to the impossibility of attaining the necessary con- 
ditions. 

The nearer we approach the circumstances in 
which the law is stated to be true, the more nearly 
do observations agree with the results, which should 
follow from the law. A ball slides a longer distance 
on ice than on a rough road. Thus the rate at which 
the ball comes to rest is not an inherent property of 
the body or its motion ; but is due to something in 
which the surface jdays a part. The law states ‘if 
it were possible to eliminate all the forces (fiiction, 
air resistance, etc.) the motion would continue uni- 
formly in a straight line for ever 

The second law. The second law of motion 
suggests how a force is to be measured. We have seen 
that the force required to start or stop a body depends 
upon the momentum generated or destroyed. Thus, 
if a force F were applied to a certain mass //q a 
certain quantity of momentum would be generated ; 
but if the same force were applied to a greater mass, 
the quantity of momentum must still remain the same, 
though the velocity generated in the latter case would 
be smaller. Thus force may be measured by the 
momentum generated by it per second and this is 
independent of all other things except force Thus 
if the above force F change the momentum of the 
body of mass 7n from mil to ?nr> m t seconds, then the 

change of momentum per second which by 
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the II Law should be proportional to F. Thus we may 

ui w? {v — u) 
write oc . 

V 


or F-K 


m (v—v\ 


For the sake of convenience, we may choose such 
a unit of force as may give to ^ a value equal to 
unity. 

The above equation will then be written as 
— m {v— ’ll) 

F^ ^ . Suppose gramme, ^=1 sec. 


and v — it= 1 cm. per sec ; thcni^’ should be equal to 
unity. Thus we get the unit of force ^ as that force 
tvhich acftmg on a unit mass for unit tinie^ produces unit 


change of momentum ; but — — =a (the acceleration). 

* c 

Thus Force is equal to mass x acceleration. 

2 . e. F=ma (6) 

And the unit force may be defined as that force, which 
produces a unit acceleration in a hodg of unit mass. 
It may also be defined as that force, which acting on 
a unit mass (initially at rest) for a unit time causes it 
to move with unit velocity. 

In the C. G. S. system of units, the unit of force 
is called a dyne and is that force, which acting on a 
mass of one gramme produces in it an acceleration 
of one centimetre per second per second. 

In the F. P. S. system of units, the unit force is 
called a Poundal and is that force, which acting on a 
mass of one pound produces in it an acceleration of one 
foot per ^second per second. One poundal equals 
13825*38 dynes. 

A pound weight is about 32 poundals (see next 
Chapter) and a gramme weight is about 981 dynes. 
These standards known as gravitational units are 
frequently used as practical units of force. The 
student should make himself thoroughly familiar with 
translating gravitational units into absolute and vice 
versa. 
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18 (a). Composition and Resolution of forces. 

Force like velocity and acceleration is a vector 
quantity. The resultant of a number of forces acting 
simultaneously on a body cannot be found by simple 
arithmetical addition. Parallelogram method affords 
a means of finding the resultant of two forces. Thus 
we may enunciate it as follows: When fito forces acting 
on a particle are represented both in magnitude as icell 
as in direction bi/ two lines drawn from a point and a 
parallelogram is completed with them (the tiro lines) as 
its adjacent sides, then their resultant is represented in 
all respects by the diagonal of the parallelogram 2 Jassing 
through the same point. 

The above statement known as the parallelogram 
law of forces is experimentally 
proved as follows : — A wooden 
board held firmly m the vertical 
plane carries two smooth pulleys 
at the two ends. Three threads 
each carrying a scale-pan at one 
end, are tied to a very small ring. 

Two of these threads pass over 
the two pulleys. The weights in 
the three scale-pans are so adjust- 
ed as to allow the whole system 
to come into equilibrium. Let 
the weights (along with the 
weight of the respective scale- 
pans when in equilibrium) be irj, 

and respectively. Draw lines oa, ob and od 
parallel to the threads on the paper attached to the 
board. Choose some suitable scale and mark off'oa and 
ob to represent wq and fr 2 respectively. Complete the 
parallelogram oacb and draw the diagonal oc and also 
produce od backwards, oc and the prolongation of 
od should coincide, if the experiment is performed care- 
fiflly. Measure the length oc and show that on the 
scale already adopted, it (oc) represents w>^. But ir^ 
is the resultant of ici and ti% because it keeps them in 
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equilibrium. Therefore we see that the resultant is 
represented in magnitude as well as in direction by 
the diagonal of the parallelogram, whose adjacent sides 
represent the two forces. 

The three forces /ri, and acting at the point o 
keep it m equilibrium, therefore in accordance with 
the triangle method, it should be possible for us to 
represent the three forces completely by the three 
sides of a triangle taken in order. From any point o' 
draw o'o' and o'6' parallel and equal respectively to 
oa and o6. Join h^a' Show that it is parallel and 
equal to co. Thus we come to the conclusion that 
when three forces acting at a point keep it in equi- 
librium, it IS possible for us to represent them by the 
three sides of a triangle taken in order. This is known 
as the law of triangle of forces. 

19. Physical Independence of forces. The 
second law besides furnishing us with the measure 
of force as shown above, gives us a very important 
principle, called the Physical Independence of forces. 
It states that the change of momentum due to a 
force takes place along the line of action of the force 
and in the direction in which the force acts. By 
the line of action is meant the straight line, in which 
the force would cause a body at rest to move, when 
no other forces are acting upon it But the law 
says nothing as to whether the body is at rest or in 
motion, whether it is acted upon by any force or 
not. Hence it follows that (i) a force acting on a 
body would produce the same change of momentum 
as It would have done if the body were at rest, (i?) If 
more than one force act on a body simultaneously, 
each would produce the same change of momentum 
as it would have done, if the other forces were 
absent. This principle is known as Physical Indepen- 
dence of forces. 

Illustration. — When a ball is dropped from the 
mast-head of a ship, it always falls at the foot of the 
mast, whether the ship is at rest or in motion and 
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the same time is always spent in falling because the 
ship when in motion imparts the same velocity to the 
ball as its own and its downward fall remains unaffect- 
ed by the horizontal velocity. 

Professor Clark Maxwell has re-stated the second 
law in the following language: — 

“ The change of momentum of a body is equal to 
the impulse^ which produces it and is in the same 
direction^ 

By impulse is meant the product of the force and 
the time for which it acts. Therefore the effect of a 
force to produce motion depends upon time also. The 
hammer blow is a very great force, while it lasts ; 
but as its duration is small, its impulse may not be 
as great as that of a much smaller force applied 
continuously for some time. 

Thus if force F act for a time t on a body of mass 
m and change its velocity from u to r, the impulse 
F^will be equal to the change of momentum. 
i.e. Fxt=mx(v— u) (7) 

The third law of motion or conservation of mo- 
mentum. Newton’s third law states that to every 
action there is an ecjual and opposite re-aobion. 
What is meant by action and reaction is shown by 
Newton’s own illustrations in Principia. “ If a man 
press a stone with his finger,” he says, ‘‘his finger is 
also pressed by the stone. If a horse draw a stone 
by means of a rope, the horse is equally drawn 
towards the stone by the rope.” In the latter example 
what then is the cause of the horse moving the 
stone ? The answer is very obvious. The horse 
presses the ground backwards with his hoofs and the 
ground in turn presses the horse forward. Thus 
there are two forces acting on the horse (i) The pres- 
sure of the ground tending to push the horse forward 
and {ii) the tension of the rope which tends to 
draw the horse backwards. It is the balance oi the 
first over the second that gives a forward movement 
to the horse. 
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20. The third law suggests the principle of con- 
servation of momentum, for it states that if two bodies 
A and B act upon one another, the momentum lost 
by A along any straight line is equal to the momentum 
gained by B along the same line. Thus when a moving 
cricket ball is hit with a bat, both bodies are in motion at 
the time of collision. By the third law, the force exerted 
by the bat upon the ball is equal and opposite to the 
force exerted by the ball upon the bat. Therefore 
the change of momentum produced by one would be 
equal and opposite to the momentum produced by 
the other. Thus we say that whenever a tramferenve 
of vwmentuni faJees place between two bodies^ the wo- 
mentiim gained bij one body is lost by the other. Or 
the total momentum of any mechanical system, 
measured in any direction, is constant; and is not 
affected by any interaction between the parts. 

Illustration. — When a gun is lired it kicks, un- 
less held firmly close to the shoulder. In the latter 
case the gun and the man constitute but one body, 
the mass of which is much greater than that of the 
bullet, but the momentum of the bullet and that of 
the gun and man combined will be equal anil opposite. 

21. Deduction of first and third laws from the 
second. Clark Maxwell has shown that Newton’s 
three laws are actually contained in Newton's second 
law. The first and the third are mere corollaries from 
the second. The second law states that the change of 
momentum is proportional to the impressed force ; if 
there is no force there is no change of momentum. 
But the mass of a body remains the same, therefore 
either the body must be at rest or should continue 
moving uniformly in a straight line. This is Newton’s 
first law. The third law follows from the first, for if 
the mutual forces exerted by the two parts of the 
same body on each other were not equal and opposite, 
they would not be in equilibrium ; and consequently 
the two parts might by their < action cause the body to 
move, the possibility of which is denied by the first 
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law. Hence the mutual actions of the two parts must 
necessarily be equal and opposite and this is the third 
law. Thus the first and third laws are mere deductions 
from the second law, which is sometimes spoken of as 
the law of motion, 

22. Uniform Circular Motion. According to 
Newton’s first law a body continues moving with 
uniform velocity in a straight line,, when no force acts 
upon it. It IS evident from this that if a body moves 
with uniform velocity in a circle, some force must be 
acting on it. We will find the magnitude and 
direction of this force, which makes a body describe 
a circle. 

E.rpertnient.— Tie ?L Htono to the end of a stiing and 
wluil it round. While so doing let ofi* the stung, the stone 
will not describe a cucle but will lie seen to fly away tan- 
gentially. This shows that a loice acts along the stung 
which makes the body <lescube a circle 

Suppose a body describes the circle AE with 
centie 0 and uiufoim velocitj^ r. Let the radius of 
the circle be denoted by B, Let us further suppose 
that in a small interval of time t the body moves from 



A to B, From a point o draw oa equal and parallel to 
the velocity c at A and oh equal and parallel to the 
velocity V at B. Join ah then the change in velocity 
of the body in moving from A to B in time t is given by 
ah (by the Theorem of the Triangle of Velocities) or in 
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unit time 



Noic the velocity of the body at every instant of 
its motion is jjerpendiculav to the radius. Hence Laoh 
Let this be denoted by 6 (in circular mea- 
sure). Then change in velocity per unit time, called 


acceleration, is given by 


ah 


or 


t 


for ah=oa x 6=r6. 


But 6 is equal to 


AB 

It 


vt 

Tt 


Substituting this get acceleration = 


rt 

Tt 


R 


( 8 ) 


Now if 0 be very small, z e. if A and B be points 
very near together, then ah in the limiting position will 
be perpendicular to ocr, i.e. paiallel to OA. 

Thus the acceleration of a body moving in a 


circle is ^ and is always directed along the radius* 


The force, which will produce this acceleration will be 


— ~ where m is the mass of the body. This force 
It 


which makes a body describe a circle is called Centri- 
petal force. In the case of a stone whirled round 
at the end of a string, the centripetal force is sup- 
plied by the tension of the string. 

The force, which when the string is let off, takes 


* Angle between two lines is equal to the angle between their res- 
pective perpendiculars (Euclid). 
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the stone tangentially is called the centrifugal force. 

Now if tc is the circular measure of the angle 
described by the radius in a unit time, then the time 

^TT 

of describing a complete cncle will be — but it is 


also equal to 




Thus = 


H’ 


/i^= circumference 

or v^Ra\ 

r 




Substituting this value of r in the expression for 


acceleration, we have a 





n 




SUMMARY 

1 Momentum of a body is the pioperty, which it 
possesses by virtue of its mass and velocity conjointly 
and it IS always ineasnied by the product ot the mass and 
the velocit^^ of the body. 

Thus 

2 Inertia means the inability of mattei to change 
its position. 

3 Force is irieasuied by the jiroduct of the mass and 
the acceleiatioii it inoduces. 

Dyne is the unit of force on the C. (t. S. system. It 
is the force which would produce an acceleration of one 
centimetre per second per second, when acting on a mass 
of one gi amine. 

Poundal is the unit of force on the F. system; 

and IS the force, which would produce an acceleration of 
one foot per second per second, when acting on a mass 
of one pound. 

4. ImpuUe means the product of the ioice and the time 
for which it acts. 

5 The change of momentum is proportional to the 
impulse which produces it. 

6. The principle of conservation of momentum. It sug- 
gests that whenever a ti ansfei eiice of momentum takes 
place between two bodies, the momentum gained by one 
body IS lost by the other or the total momentum of any 
mechanical system measured in any direction is constant 
and IS not affected by any interaction between the parts. 
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The force, which makes a body describe a circle is 
called centripetal force and that which tends to take it 
away tangentially is called centrifugal force. It is equal to 

mv^ T> 2 

or inRw^^, 

R 

EXAMPLES 

1. Calculate the momentum of a mass of 2 tons 
moving with a velocity of 80 miles per hour. 

on 1 n -80X17B0X.8 . ^ , 

30 miles per hour teet per second 

GO X GO 

—44 feet per second, 
the required momentum = 2 X 2240 x 44. 

2. A mass of 5 lbs. moving with a velocity of 10 feet 
per second is bi ought to rest, while it passes over 25 feet 
by the action of a constant force. What is the foice'-^ 

Here a velocity of 10 feet per second is destroyed, 
when the body travel ses 25 feet, therefore to find out the 
constant retaidation, apply the formube v^--u^=2(iS 
0-^-i0- = 2. a. 25 
or 0— 100=50a or a = — 2 
but F=ma. 

Therefore the force =5 X —2 = — 10 poundals. 

2. (a) The driving wheel of a locomotive is 5 feet in 
diametei. What is the angular velocity of the wheel, when 
the engine is i mining at 30 miles per hour^ 

Velocity of the locomotive — —44 ft. per sec. 

dU X GO 

We may find the revolutions of the wheel per sec. by 
dividing the velocity by the circumference of the wheel. 

44 44 44 X 7 

/• Number of revolutions = — , = = =2‘8 

Trd 5Tr 5 X 22 

t(;=2’8 X2'n‘=:17*58 radians per sec. 

3. A body of mass 15 lbs. moving with a velocity 
of 30 feet per second is subjected to a constant force 
in a direction opposite to that of its motion and is brought 
to rest after it has described 12 feet. Hind the magnitude 
of the force. 

4. Find the momentum generated, when a force of 
25 grammes weight acts upon a mass of 10 kilogrammes for 
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80 ^conds. Find also the velocity generated. 

A bullet fired lionzontally from the top of a tower 
with a velocity of 500 feet per second, hits the ground in 
four seconds. Find the height of the tower and the dis- 
tance from the foot of the tower, where the bullet strikes 
the ground. 

6. A constant force acts for 5 seconds on a body of 

mass 50 grammes. After that the force ceases and the 

body describes 100 feet in the next 5 seconds. Find the 

magnitude of the force acting. 

7. The mass of a gnn is 2 tons and that of the shot 

IS 14 lbs. The shot leaves the gun with a velocity of 800 

feet per second, what is the initial velocity of recoil ? 

8 How long must a force of 5 units act upon a body 
in order to give it a momentum of 300 units 

y. By what number would the acceleration due to 
gravity be expressed, if a day and a mile were the units of 
time and length. 

10. Compare the amounts of momentum in (i) 50 lbs. 
weight, which has fallen for 2 seconds from rest and (^/) a 
cannon ball of 12 lbs. moving with a velocity of 900 feet 
per second, 

11. An iron ball of mass 5 lbs is dropped from the roof 
of a house 100 feet high, at the same instant a similar ball 
IS thrown upwards with a momentum of 400 units When 
and wheie will the two balls meet*-^ What will be the mo- 
mentum of the first ball at that timeV 

12. A string will hieak under a load of 2 kilogms. A 
mass of 250 gins, is attached to the end of a piece of this 
string 2 metres long, and is rotated lionzontally. Find the 
number of revolutions, which it can make without breaking 
the string. 



CHAPTER V 

GRAVITATION 

23. Gravitation. That all bodies fall to tlio ground 
was known to the ancients; but how and why, they did 
never care to einiuire. In 384 B. 0. Aristotle, the 
Greek Philosopher taught that bodies fall at rates de- 
pending on their weights, i. e. the heavier a body, 
the faster it should fall. It is a wonder that this 
statement passed unchallenged till the time of 
Galileo (1590) irho asserted that all bodies whatever 
their weight fall at the same rate unless resisted by 
other forces. He found that when two leailen weights 
(ratio 100 : 1) were dropped simultaneously from the 
top of the leaning tower of Pisa,* they reached the foot 
of the tower at the same tune. Thus he showed that 
the rate of fall was independent of the weight of the 
substance and was the same for all bodies. By taking 
weights of different materials such as a pound of iron, 
of stone and of wood and making them fall in the same 
way, he showed that the motion was also independent 
of the substance of which the ball is made. 

The statement that “ Bodies fall with constant 
acceleration towards the earth is true only when 
every disturbing cause is absent ; but if the experi- 
ment be performed in air, a discrepancy may be 
observed. For example, if a lead weight and a 
feather be dropped simultaneously from a tower it 
will be observed that the former reaches the ground 
considerably in advance of the latter. This is due to 

’Galileo’s experiments can be repeated in the laboratory by suspend- 
ing two iron weights of different size from two electromagnets at the 
same height and then releasing them simultaneously by breaking the 
circuit. The two iron weights are seen to strike the ground simulta- 
neously. 
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the feather being retarded by the air more tlian the load. 
The air otters resistance to a moving body winch depends 
on the amioi the body and not on its mass. This air re- 
sistance would be practically inappreciable in comparison 
to Its weight, if the body is heavy and of small surface 
area ; but it may be appreciable in comparison to its 
weight, if the body is light and has a large surface area 
The air like water has a floating power though to a 
considerably less extent. To prove the truth of tlie above 
explanation, a glass tube about five feet long (tig 12) 
may be taken, liaving one of its ends completely closed 

and a brass stop-cock fitted to tlie other. A 
lead piece and a feather aie intuxluced into the 
tube and air is pumjied out. The stop-cock is 
then closed and the tube suddenly inverted. It 
IS seen that both the feather and the lead fall 
with the same speed If now air be iiitioduced 
by opening the stopcock and the ex[)erinient 
lepeated, it. is seen that the niutioii of the lea- 
ther IS retarded 

Thus 111 vacuum, all things fall at the same 
rate. Tins combined with the deduction made 
from Newton's set'.ond law that force is cipial to 
the product of mass and acceleration, drives us 
to the (joncliisioii that tlie pulling force exerted 
on a tailing body is proportional to its m.iss If 
the acccleiation with which a body tails to the 
ground be denoted by (/, tlien the ])nlling force 
IS measured by its mass multiplied by (j, and tins 
pulling force IS known as neighf 

Thus W =in X g ^9) Fm 12 

The ratio of the weight of a body to its mass is 
spoken of as the intensity of gravity and is always deno- 
ted by (j. If (J irt known, it becomes iiuite easy to con- 
vert gravitational units into absolute ones. At Lahore 
y IS found to be 32*1 ft. see.^ or about 978*4 cms. sec- 

Gravitation. We have shown how bodies fall 
towards the ground, but we have made no attempt so far 
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to explain why bodies fall towards the ground. This 
question Newton asked himself, when sitting under an 
apple tree, and he saw the fruit fall down. By the 
power of his imagination and clear foresight of the 
principles of Astronomy, Newton discovered that the 
range of the forces^ which made the apple fall towards 
the ground, was not limited and that the very same 
laws extended to the Sun, the Moon and the planets. 
After working out the very complicated problem of the 
motion of heavenly bodies along their orbits, Newton 
gave in finished form the doctrine of universal gravita- 
tion as follows, Every particle in the universe attracts 
every other particle with a force directly proportional to 
the 'irroduct of their 'tnasses and inversely proportional to 
the square of their distance apart ’’ Thus if two par- 
ticles of masses m and nii respectively be d centimetres 
apart, then the force of attraction is proportional 
m. nil fa 

to -^2— , i- e. Foe ^ • 

It is in consequence of this force* that planets des- 
cribe orbits round the Sun. It may however, appear that in 
consequence of this force, the planets ought to fall into 
the Sun. This would certainly have happened, had the 
force of attraction been the only force acting upon 
them. But on account of the inertia and the impulse, 
which they received at the time of the creation of this 
universe, they tend to go away from the Sun. The 
resultant of the force of attraction and their original 
velocity makes them describe nearly circular orbits round 
the Sun. 

24. Gravity. Gravity is a particular form of the 
more general phenomenon of Gravitation described 
above. It is the attraction exerted by the Earth on 
bodies on its surface. The acceleration with which bodies 
move towards the Earth is uniform at a point as has 
been shown above, and this follows directly from the law 
of gravitation. For if M were the mass of the Earth, 

* The force of attraction supplies the necessary centripetal force tq 
make them describe circular orbits 
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R its radius and m the mass of a given body, then the 
force acting on it due to the pull ot the Earth would be 

given X G where G* is a constant known as 

Gravitational constant. 


The acceleration with which the body would move 
is obtained by dividing the force by the mass moved. 


Thus acceleration would 


be 


given by 



G 


an expres- 


sion quite independent of the mass of the body and a 
constant depending only upon the mass of the Earth 
(an unalterable quantity), and its ladius (4(XX) miles.) 


The acceleration of a falling body varies as the 
inverse of the square ot the radius ot the Rarth; but 
as the radius of the Earth is not unitorin at all points 
on Its surface, therefore we should expect the value of 
gravity to vary from point to point on the surface of 
the Earth and this is actually the case. The poles ot 
the Earth (being flattened) are nearer to its centre than 
the equator, hence the acceleration of a falling body 
ie., g (the intensity of gravity) is greater there 
than at the equator and the weight of a body (which 
is the product of its mass and the value ot g at the 
given place) is greater at the poles than at the ecjuator. 
This is shown conclusively with the help of a spring 
balance. An ordinary balance fails to show this; be- 
cause as the pull of the Earth increases on the object 
to be weighed, when it is shifted from the equator to 
the pole, similarly does it increase on the ‘ Standard 
weights’ employed to weigh the object. Hence an 
ordinary balance measures mass, while a spring balance 
measures weight. 

25. Motion of connected bodies. The acoel- 


G the mean value of gravitational constant =r-0*56 x 10““ 

and the mean value of the Earth’s density —S’lS 
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ration of freely falling bodies due to gravity is general- 
ly denoted by g. If however, by 
any arrangement the iceight is made 
to move another mass as ^\ell as its 
own, the acceleratjon will be les^ 
than g. Thus it we have two masses 
M and connected hy means ot 
an inextensible string passing over a 
smooth pulley as shown in fig. Id, 
then if M be greater than ?>?, the 
weight Mg will move downwards, 
while ni will move upwards with the 
same acceleration Let th<^‘ common 
acceleration of the two bodies be 
denoted by a and the tension of the 
string by 7’ 

Then the acceleration of 


M 


or Mg- T-Ma 



and the acceleration of 


T-mg_ 






or T—mg=ma {u) 

Adding the two equations together, we have 

m)={M—m)g 

M-w 

or r/=-Tr7 7 

To find the tension 7' of the string, we divide 
equation (?) by equation (ujy 

. Jlq- T M 

and get-f = _ 

7 — mg m 

or Mmg—Tm^MT— Mjug 

Tit • 

Transposing we have T= — ^ — g poundals if mass- 
es are expressed in lbs (iv) 

The pressure on the pulley is equal to twice the 
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tension, therefore it is equal to U poundals {v) 

’ ^ J/ 4- m 

This arrangement of two unequal weights over a 
pulley IS of great advantage in dot ei min mg the value 
of g by the application of ecjuation {iii) for thereby 
the acceleration can be lediiced to any convenient 
value, easily measurable Such an arrangement forms 
the principle of Atwood’s machine."* ’]’hi«; device is 
sometimes spoken of as a method of diluting the 
intensity of gravity. 

26 . The inclined plane. — Anothei mode of re- 


ducing the in- 
tensit}’ of gra- 
vity IS by means 
of an inclined 
plane which is a 
plane surface as 
AC (fig. 14) in- 
clined to the 
horizontal at an 
angle 6. 



Suppose we Fio. 14 

have a body resting on the inclined jilane. Then the 
forces acting on the body are [i) Its weight e([ual to 
wg dynes acting veitically downwards, ('ii) The re- 
action 1i between the plane and the body which v'hen 
the surface is s^uooth, ahcajfs acts perpendicular to the 
plane 

The body cannot be at rest under the action of 
these tyro forces, for they are not in one and the same 
straight line ; the body therefore moves down the 
inclined plane. To get the acceleration of this body 
down the plane, resolve the force mg due to gravity in 
two directions, one along the plane and the other 
perpendicular to it. The components are mg sin 6 and 
7nq cos 0 (fo r as is clear from the diagram^ peipendt- 

*As tins appiiratub is not at all now used for finding the value of q, 
iherefoio it is omitted 
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ctdai' to the inclined plane makes an with mg). The 
latter component counterbalances the reaction, while the 
former, i.e. mg sin Q accelerates the body downwards, 
the acceleration of the body would be 

( 10 ) 

m 


By making Q small, the acceleration can be 
reduced to any value. Thus the acceleration of a body 
down an inclined plane is obtained by the product of 
the value of g and the sine of the angle of inclination 
of the plane to the horizontal. The inclination is 


sometimes denoted by the sine itself, Thus if in 


an inclined plane, the length is 100 and the height is 1, 
the inclined plane is spoken of as rising 1 m 100. 
This means that for every 100 units of length traversed 
along the inclined plane, the level is raised by one unit 
of length. To keep the particle in equilibrium on the 
plane, a force equal to nig sin 0 must be applied parallel 
to the inclined plane. 

27. Methods of measuring the value of g. 


(^) The falling plate. This is a direct method of 
finding g. A smoked plate of glass is supported by a 
thread hanging from a peg. A tuning fork carrying a 
stilF spike on one of its prongs is adjusted so as to 
touch the lower end of the plate, (fig. 15). The 
tuning fork is set vibrating and the thread is burnt. 
The plate drops and the spike traces out a wavy line on 
the smoked surface, the length of the wave is small at 
first and gradually increases (as shown in fig. 16). The 
period of the wave is equal to the period of vibration 
of the fork. The distance travelled in an exactly 
measured interval of time can therefore be read off 
from the tracing. Two consecutive measurements are 
sufficient to determine the value of g. 

Suppose t is the time of vibration of the tuning 

fork. 
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Si is the distance between A and C 
Sij jj .. C/ and E 



Fig 15 

and it is the velocity of the plate, when A is in contact 
with the spike; then we have 

/. 2si^ux2t+fft^ 
and §2 + = w X + V2 

S2 + Si — 2si:=:gfi 


This method however, is rather tedious. The 
easiest and the most convenient methed of finding 
the value of g is by simple pendulum. 

Hi) The simple pendulum. A simple pendulum 
consists of a small heavy bob at one end of a weight- 
less string, the other end of which is fixed. The 
bob swings to and fro in a vertical plane under the 
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action of gravity. Then, if the arc of swing be very 
small, It can bo shown both experimentally and 
mathematically that the period of complete vibration 

r=2^i/ -L (12) 

^ !/ 

Where I is the length of the jiendulum, from tiie 
point ot* support to the centre of gravity of the bob 
and g is the value of gravity. 

Both I and T"' c.aii be measured with a high d(3gree 
of accuracy Knowing these, the value of g is given 
by the formula 

^ winch may also bo written as —=: - p— r^ 

J rji2 J '1^2 ^^2 


that 


1 




Note — From the ahore equation it foUotcH 
is constant for a simple pendulum 

The fact, that vibrations of a pendulum are iso- 
chronous, is of great utility in measuring time. Most 
of the clocks are regulated by means ot a pendulum. 
It is the time-keeping part of the (dock. A pendulum 
which makes one complete vibration in 2 seconds is 
called a seconds pendulum, because the bob passes its 
lowest point, once every second. 

27. (a) The Escapement The device by which the 
rate ot rotation of the wheels ot a clock carrying the 
hands is controlled by the swinging of a pendulum is 
called the escapement. It is shown in fig, 15 (a) Its second 
function IS to constantly transfer energy from the 
falling weight or spring to the pendulum so that its vib- 
rations may not be damped. 

The escapement wheel tends to revolve rapidly 
due to the action of the spring. The anchor A, with 
two pallets a and 5, holds the escapement wheel firmly 
and allows it to rotate, only when it {i.e, the anchor) 
is displaced. The anchor is connected by a small 
rod called the^ crutch ’ and ‘ the fork ’ to the pen- 

* Time of vibration can be accurately determined by noting the 
time of 100 obciliations and then dividing by 100. 
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dulum rod. This vibrates along with the pendulum. 
When the pendulum is at its lowest point it displaces 
the anchor and the wheel rotates through the space of 
one tooth. A seconds pendulum passes through its 
lowest point tidce in 2 seconds and therefore the 
wheel rotates through one tooth per 
sec. The ciutch and the fork transfer 
energy to the bob of the pendulum and 
thus keep it swinging wuth constant 
amplitude There are various forms 
of the escapements but the principle 
underlying is the same. 

28 . Gravitational units of force. 

The dyne and the poiin dal diVQ the abso- 
lute units of force iii the C (r,S. and 
the F.r.S, systems respectively. The 
gramme weight and the pound weight 
are known as gravitational units, for 
their value depends upon the value of 
gravity at the given place. They are 
more convenient than the absolute 
units for ordinary use and they can Fig. 15 (a) 
be easily converted into absolute units, by multiplying 
them by the value of acceleration due to gravity, in the 
corresponding system of units. At Lahore a lb. wt. is 
equal to 62 poundals and a gramme weight is equal to 
978*4 dynes. 

SUMMARY 

1. Gravitation is the general phenomenon by which 
every particle of matter in the universe attracts eveiy other 
with a force proportional to the product of then masses and 
inversely as the square of the distance between them 

F OC 

(r 

2. Gravity is the phenomenon of attraction of bodies 
towards the Earth 

3 . The force with which a body is attracted towards 
the Earth is known as its weight. 

4 . The weight of a body is proportional to its mass. 
It is equal to the product of mass and the acceleration, with 
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which a body moves towards the Earth, when free to do so. 
w=^mg, 

5 . The time of oscillation of a simple pendulum is 

i . 

given by the formula t =^2'^ y/ 

6. A gramme weight and a pound weight are the gravi* 
tational units of force on the two systems. 

A gramme weight = 981 dynes 
A pound weight =32 poundals. 

7 . The acceleration, with which two bodies connected 
together would move, when hung up by the two ends of a 
string is equal to the product of q and the ratio of the differ- 
ence of their masses to their sum: 


t.e. 


a= — X (7. 


8 . The acceleration of a body down an inclined plane 
is equal to g sin B where B is the angle of inclination. 

EXAMPLES 

1. Find the acceleration produced in a mass of 10 lbs* 
by a force of 4 lbs. weight. 

The force=4 lbs. weight =4 X 32 = 128 poundals 

The mass = 10 lbs. 

Applying the formula F=m a. we get 
128=10a 

Or a=12'8 ft. per sec. per sec. 

2. Convert the weights of (i) 5 lbs , («) 5 grammes, 
(^7^) 4 ounces and {iv) two kilogrammes into the correspond- 
ing absolute units. 

(f) 5 lbs weight =6 X 32=160 poundals. 

(ii) 5 gms. weight =5X981=4905 dynes. 

(m) 4 oz. weight = X 32=8 poundals 
16 

(iv) 2 kilgms. weight =2 X 1000 x 981 = 1962000 

dynes. 

3. What is the weight of 40 grammes at a place, where 
a falling body travels 245‘25 cms. in the first second. 

981 

The distance described =-— — cms. 


at^t we have 


By the formula 
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981 , _981 

=ta, 1 or a — cms. per sec. per sec. 

4 2 


40 X 
2 

40 grammes would weigh ""931 grms. weight 


= 20 grammes weight. 

4. Find the length of a pendulum, which makes one 
complete oscillation per second and also of a seconds pen- 
dulum (<gr=98l). 

Suppose the length of such a pendulum =7. 


Then 7=2^ 



or 


7= ^^=24*84 cms. 
4:Tr^ 


ii) 


Again 2=2ir 



or 



=99*36 cms. 


5. A pendulum beats seconds at a place, where 
gf=981*17, find its time of swing at a place where g = 978*10. 

Here the length remains the same, therefore the periods 
are inversely proportional to the square roots of the value 
of g. Therefore the period of oscillation at the second 


place = 



981*17 

978*10 


= r00156 seconds. 


6. Weights of five and ten grammes are connected 
by a string, which passes over a pulley ; if the weights 
are allowed to fall, find the velocity, when the heavier 
weight has descended through a metre. 


The acceleration, with which the two connected bodies 


would move 


_ 10~5 

15 


X 981 cms. per sec. per sec. 



n *? n 


Suppose V is the velocity after they have 
cms. then 


„2«.02=2X 327X100 


traversed 100 
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Or 'i;=255*7 cms. per second. 

7. Show that the velocity acquired down an inclined 
plane is that due to a fall through the same vertical height 
as that of the plane. 

Suppose /i=height, and Z=length of the plane. Then 
if the body falls vertically downwards a distance h, then its 
velocity V would be given by the equation. 


v=^\/2(jh 

-2as or v^—0^=2qh. 
If however, the same body were to 


for un- 


roll down the in- 


clined plane, then its acceleration would be ^ x -y 


and the 


distance traversed would be equal to 1. Hence its velocity 


will be given by 

L 


or 


v^\/2gh 


8. The bob of a pendulum consists of a ^ar containing 
mercury. If more mercury is poured in, will the time of 
oscillation be increased or diminished*^ 

9. Find the value of g at a place, where the length 
of the seconds pendulum is 0 994 metre. 

10. Masses of one and three pounds hang from the two 
ends of a fine string, suspended over a smooth pulley. At 
what rate will they be moving at the end of one second after 
they are set free. 

11. A mass of one ton is acted upon by a constant 
force and acquires a velocity of 20 feet per second m 4 
seconds. Find the force. 

12. A body acted upon by a force describes in three 
successive seconds distances equal to 20, 30 and 40 feet 
respectively. What ratio does the force producing the 
motion bear to the weight of the body? 

13. What force measured in lbs. weight acting on a 
body of mass 10 stones would move it through 48 feet in 8 
seconds ? 

14. What distance shall a mass of 20 lbs. starting with 
a velocity of 20 feet per second describe before coming to 
rest, if it IS subjected to a retarding force equal to V 4 of its 
weight. 

15. Two masses P and Q are connected together by 
a string passing over a pulley. P moves downwards 2 ft. 
in the first second. Find the ratio of masses; ^=32. 

16. A railway truck, tare 5 tons, slips a distance equal 
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to 100 feet down an incline, rising 3 in 25. Find its mo- 
mentum. 

17. A tram starts from rest on a level line and moves 
through 1200 feet in the first minute. It then begins to 
ascend a uniform incline, up which it is found to run with 
uniform velocity. Find the inclination of this portion of the 
line on the supposition that the engine exerts a constant 
pull. 

18 With what velocity must a particle be jirojected 
down a plane 12 feet m height and inclined to the horizon 
at an angle of 30^, so as to reach the bottom in one second. 

19. With what velocity must a particle be projected 
up a plane 10 feet in height and inclined to the horizon at 
an angle of 30^, so as to reach the top in one second 

20. If the weight of a certain mass be 15 lbs. at a 
place where the body falls 64 feet m two seconds What 
will be the weight of the same mass at a place, where the 
body falls through 176 feet in 3 seconds ’ 

EXAMINATION QUESTIONS I 

1. What are the two systems of units? Express the 
units of length, mass and time on these units. 

2. What is meant by the composition and resolution of 
velocities ? Enunciate and piove parallelogram law of 
velocities ? 

3. Define the terms motion, velocity acceleration, 
force, momentum, dyne, poundal, gramme weight and 
inertia. 

4. State Newton’s second law of motion and show how 
to deduce the measure of unit force from it. 

5. Distinguish between a poundal and the w^eight of 
one pound. What is the expeiimental evidence for the 
statement that the weight of a body is proportional to its 
mass? 

6. State the conditions, which must hold in order that 
three forces, which are not paiallel may be in equilibrium. 
A picture weighing 3 lbs. is hung by a cord 10 inches long 
passing over a peg. Find the tension in the string if the ends 
of the cord are 8 inches apart 

7. A tram moving 40 miles per hour has its speed re- 
duced to 15 miles per hour in two minutes. What distance 
has it travelled in the meantime? 

8. What velocity is acquired by a body falling down a 
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smootli inclined plane, rising 1 in 20, if its length be 320 
feet ? 

9. An iron cage descends a mine. The tension in the 
rope equals the weight of 200 lbs. When at rest, it was 
225 lbs. Find the time of descending 100 feet. 

10. The velocity of a body is observed to increase by 
4 miles per hour in every minute of its motion. Compare 
the force acting on it with the force of gravity. 



CHAPTER VI 

FRICTION 

29. Friction. When a body, say a book, is lying 
on a table, then its weight acts vertically downwards 
and its re-action vertically upwards, the two forces are 
then said to be in equilibrium If however, a small force 
be applied parallel to the table, then no visible effect is 
produced. Thus the force, with which we attempt to 
move the book in the horizontal direction, is resisted by 
some force called into play. This latter force is called 
ihQ force of friction. 

It is seen that the minimum force required to pro- 
duce motion in the book is less when the surface of the 
table IS smooth and the book is light. Further it is 
observed that when the book is set into motion, its 
acceleration is not equal to the force applied, divided by 
the mass; but it is considerably less. We find that 
when one body is moved over another, with which it is 
in contact, a resistance is offered to its motion. This 
is called Friction, 

Friction then, we see, is due to the roughness of 
the two surfaces, and as in nature there is no surface 
absolutely smooth, a certain amount of friction will 
always come into play even between the most highly 
polished surfaces. 

Experiments on Friction. The laws of friction 
can be demonstrated experi- 
mentally with the help of 
the instrument shown in the 
figure. It consists of a board 
of hard wood and a small 
tray Q attached to a string, 
which passes over a pulley 
and supports a pan and 
weight P at the other end. 

63 
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Place the tray on the wooden board. It will re- 
main at rest. Place a small weight in the pan; still 
the tray remains at rest. Thus at this stage the force 
of friction brought into play is equal to the pull of the 
pan and the small weight placed in it. If however, 
the weight on the pan be gradually increased, a point 
will be reached when the iriction brought into play 
would be just sufficient to keep the tray at rest and a 
slight further increase in the weight would make the 
pan move. Thus the force of friction cannot increase 
any further. It has reached its maximum value and 
this value of friction is spoken of as the limiting friction. 
Now place a heavy weight in the tray and repeat the 
experiment Observe, that to produce motion, the 
weight in the pan has to be increased. Thus we see 
that the weight necessar}' to move the tray is directly 
proportional to its own weight and that of its contents, 
iliai iSj to the reaction between the two surfaces. If 
now the tray be laid on its side instead of on its base, it 
will be seen that the same force is required to make 
the tray move as before. 7'lius the force of friction U 
independent of the areas of the two .surfaces in contact. 
Further if the base of the tray be made up of glass in- 
stead of wood, it will be seen that the force ot friction 
is considerably decreased, proving that the force of 
friction depends upon the nature of the surfaces m 
contact. 

These experimental results, put in concise form, are 
known as laws of friction. They are as follows : — 

1. The force of friction always acts in a direction, 
opposite to that in which motion would ensue. 

2. The magnitude of the force is such as just to 
preserve equilibrium ; but at no point can the amount 
necessary exceed the “ limiting friction. The friction 
then remains constant ; and if the applied force be 
increased, the body will move. The net force acting 
on the body would be the difference between the applied 
force and the limiting friction. 

3. The limiting friction is independent of the 
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areas of the two surfaces in contact, but depends only 
on their nature. 

4. The limiting friction between two surfaces is 
proportional to the normal re-action between them. 

6. When motion takes place, the frictional resis- 
tance is less than the limiting friction, but is always 
independent ot velocity. 

Co-efficient of friction. The ratio of limiting 
friction to the normal re-action between the surfaces is 
known as the co-efficient of friction. 


Thus the co-efficient of friction = 


F 


R 


The value of P dilfers considerably for chtForent 
materials, but it is always less 
than unity. 

Angle of friction. Sup- 
pose the re-action of a body 
resting on a rough surface 
IS denoted by H and the 
friction by F^ then the re- 
sultant ot these two forces 
will be a force P making an 
angle 9 with the direction of 

F 



It 


Fig. 17 


jB, such that its tangent=:« 
i. e. tangent 6 

J.V 

If F IS the limiting friction 0- e, motion is just 

F 

on the point of taking place), 


In this case angle 9 is denoted by A and is termed 
the angle of friction. 

H^=tangent A ( 13 ) 

The angle A^ whose tangent gives the coefficient 
of friction, is called the angle of friction. 

If motion is not on the point of taking place ; 
then F must be less than the limiting friction and the 
resultant or total reaction must make an angle 9 with 
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the normal reaction such that 9 is always less than X, 
Rough inclined plane Suppose a body is rest- 
ing on an inclined plane AC Then the forces acting 
upon it are (i) its weight=//i(jrj acting vertically down- 
wards (^^) Its reaction Ji, acting perpendicular to AC, 
and (in) the force of triction F acting parallel to AC. 



Fio. 18 

Then resolving horizontally, we have 
F cos sin 9 
F 

or^- =tan Q, where 9 is the angle of inclina- 
tion. 

This method is sometimes employed to find the 
value of F and A (for A will be equal to 9, when motion 
is about to ensue). 

The following is a table of approximate values 


for the co-efficients of tiiction: — 

Wood upon wood *6 

„ „ „ lubricated *2 

Wood upon polished metal *3 

,, „ „ lubricated *12 

Metal upon metal '18 

„ „ „ lubricated '12 

SUMMARY 


1 . When one body is to be moved over another with 
which it IS in contact, a resistance to motion is offered and 
this resistance is called friction. 
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The maximum value of friotion is spoken of as Inaitintf 
friction. 

2 Laws of friction ! — 

(i) The force of friction always acts in a diiectiou 
opposite to that in which motion wouhJ ensue. 

{n) I'he magnitude of iiictional force is such as just to 
preserve equihhiium, l)ut at no point the amount necessary 
can exceed the limiting fiiction. 

{ill) The limiting fiictioii is independent of the aiea of 
the two surfaces in contact^ hut deiiends on their nature 

{iv) The limiting friction between two surtaijes is 
propoitional to the normal reaction between them. 

{v) When motion takes pla(‘e the Iiictional lesistance 
IS less than the limiting fiiction and is nidejiendent of 
velocity. 

3 Co>efficient of friction The i atio of 1 imitiiig friction 
to the reaction lietween the siu laces is called the co- 
efficient of fnction. 

4. Angle of friction The angle, whose tangent gives 
the co-efficient ol fiiction, is called the angle of iiiction. 

EXAMPLES 


1 A mass of 1 cwt iests</n a lough inclinml plane 
of angle If the co-effieieiit of friction he find 

the greatest and the least torces, which acting parallel to 
the plane c.an just maiiitaui the mass in equilibrium 

The lor( e acting downwaids due to gravity = mr/ sin 0 


The foice due to fiiction = 




Vs" 


wheie /? = ieactiou cos ^ 

Thus the loiee of Iriction and of giavity are equal and 
therefore the hodv would remain at rest without exerting 
any force and would he pist on the point of slijiping down- 


wards. 

If the body is to he pist on tlie point of moving up- 
wards, the forces to he balanced are (i) V 2 ttuf due to 
gravity and lit) Vs due to friction , therefoie total ioice 
required to keep the body m equilihiium shall he the sum 
of these two and thus equal to tlie weiglit of the mass itself. 
t,e 112 lbs weight 

2 A weight W lests 111 equilihiium on a lougli in- 
clined plane, being pist on the point of slijqnng down On 
applying a force W parallel to the plane, the weight is just 
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on the point of moving up. Find the angle of the plane and 
the co-efficient of friction. 

Suppose 9 is the angle of inclination and P' the co- 
efficient of friction. 

Then from the first condition we have 

W sin© (i.^. force due to gravity) = 1^. 2? (/.e. force due 
to friction). 

or TTsin cos ©* 

From this we get (^) 

cos v/ 

From the second condition, TTsinO + t^. TFcosO^TF 
for both the forces (/) due to gravity and (w) due to friction 
are together counterbalanced by W. 

Substituting^^^^for P from equation (i) 
cos u 

We have 2 sin © = 1 

or sin © = ^2 or ©=30° .. (n) 

Substituting the value of © in equation (/) we have 


= 


vT A/r 
2 


8. Calculate the force required to maintain a train of 
140 tons running on a horizontal plane at a uniform speed, 

the co-efficient of friction beingT^* 

IbU 


4. A body slides down an inclined plane rising 1 in 2 
and 18 feet long. If it starts from rest, find its velocity 
when it reaches the lower end of the plane : (i) when the 
plane is smooth and (ii) when it is rough, l^=v/3/4. 

5. A body will just rest on a plane inclined to the 
horizon at 30 . Find its acceleration, when the plane is 
inclined at 45°. 

6. A train of vrhich the mass is 200 tons, can be 
drawn by an engine at a uniform speed of 30 miles an hour 
up an incline of 1 in 200, or at 40 miles an hour up an incline 
of 1 in 400. Assuming the frictional resistance to be in- 
dependent of the velocity, calculate the frictional resistance 
n lbs. weight per ton. 


Note that the reaction 22 = IT cos ©. 



CHAPTEE VII 

PARALLEL FORCES 

30. Parallel Forces. Forces are said to be parallel, 
when the lines, along which they act, are parallel to 
one another. Parallel forces thus, can act only on 
extended bodies. They cannot act at a point. 

Parallel forces are said to be like^ when they act 
in the same direction and unlike, when they act in 
opposite directions. 

Moment of a force. The moment of a force about 
a given point or line is its tendency to produce rotation 
about that point or line, regarded as fixed ; it is always 
measured by the product of the fcn'ce and the pet’pen- 
dicular drawn from the point or line, on the line of 
action of the force. 

The moment of a force about a point is generally 
regarded as positive, if it tends to set up rotation in a 
counter-clockwise direction ; and negative, if the 
direction is clockwise. 

It is a common experience, that to shut or open 
a door, it is always more convenient to apply the 
force away from the hinges. The greater the distance 
of the point of application of the force from the hinges, 
the lesser the force required to turn the door and vice 
versa. 

31. Resultant of Parallel Forces. The resultant 
of two like, parallel forces is a force : — 

(i) Whose magnitude is the sum of the two com* 
ponent forces i.e. i?=P-b Q. 

(n) Whose direction is the same as that of the 
two component forces. 

(Hi) Whose line of action is parallel to either of the 
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two component forces. 

(i??) Whose point of application is a point (7 between 
A and Bj such that 
the moments of P and 
Q about that point 
are equal and op- 
posite, he 

Fy.AC-Q^Ba A C - B 

The resultant of Pig 19 

two unhide, parallel forces is a force: — 

(i) Whose magnitude is the difference of two 
forces P and Q, i-e Ji^P—Q. 

(ii) Whose direction is the same as that of the 
greater of the two forces 

(m) Whose line of action is parallel to either of 
the two compo- 
nents. 

(ir) Whose 
point of applica- 
tion is a point 
C on A B pro- 
duced on the 
side nearer to 
(ie. the point, of Pig. 20 

application of the bigger force) such that the 
moments of P and Q about that point are equal and 
opposite, t e. BC^ Q X A(7. 

Hence we see that in order that the translatory 
effect of the resultant be the same as that of the com- 
ponents, conditions (0, {it) and {Hi) should be fulfilled and 
in order that the rotatory effect of the resultant be the 
same as that of the components, condition {iv) must be 
satisfied. To sum up then, the resultant of parallel, 
forces is the algebraic sum. of its components and acts in 
the direction of the numerically bigger cotriponent and 
at a point such that the moment of the resultant equals 
the algebraic sum of the moments of all the components 
about arty point. 
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Experiment The above statement is experiment- 
ally proved in the following simple way: — Take a 
half-metre lod AB of steel, liiid its centre of gravity 
C by balancing it over 
a wedge, find its weight 
by means of a spiing 
balance and suspend the 
rod from the two spiing 
balances as shown in the 
figure. Suspend at the 
point C a weight, which 
together with the weight 
of the lod, IS eij^ual to 
12 lbs. 

Then the forces act- Fig 21 

ing on the rod are parallel and are m e([uilibrium for 
the rod remains at rest, but the total downward force 
IS equal to 12 lbs. and therefore this must be equal m 
magnitude and opposite in direction to the resultant 
of the two upward forces B and Q Take the readings 
of P and Q See that P-hQ=5-f-7=12 lbs. Measure the 
distances AC and BC. It is found that BC is 5 inches 
and AC is 7 inches, 

the moment of P about G'=6x7=35 
and the moment of Q about (7=7 % 5=3o 

The law of moments, which is universally true, is 
most useful m the case of parallel forces, for it affords 
a ready method of finding the position of the resultant 
arithmetically If the forces acting on a body be 
wjl, «r 2 , etc, at perpendicular distances n*!, .r 2 , 
etc, respectively from one end 0, then the distance of 
the resultant from the same end is given by where 

_ U lX} + W2X2 W'd'lCA - h 

wi + W 2 + n\i'^ . 

Provided + sign is given to forces acting in one 
direction and — sign bo those acting in the opposite 
direction. 
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32. Couples. The case when two equal but un- 
like parallel forces act on a body is very peculiar, for 
theoreticallj’, since the forces are equal and unlike 
their resultant must be zero ; but since the forces do 
not act in the same line, they will have a moment 
about any point in the plane and this moment is always 
equal to either of the forces multiplied by the perpendicular 
distance between them. It is impossible, therefore, to 
find a single force, which shall satisfy the two conditions 
of equilibrium. Thus a system of two equal unlike 
parallel forces which do not act through the same point 
is known as a couple and this cannot be replaced by a 
single force. 

The perpendicular distance between the two forces 
is called the ‘ Arm of the couple.’ 

The effect of a couple is always to rotate the body 
and this rotatory effect is always equal to its • moment. 
The system of forces applied by the two hands to the 
lever of a duplicator press constitutes a couple, the 
hands pressing at the two ends of the lever with equal 
and opposite force. 

The algebraic sum of the moments of the forces 
which constitute a couple^ about any point in the plane 
of the couple^ is constant and is equal to the moment of 
the couple. 

{i) Let the P 

point about which 
moments are re- 
quired be 0 (be- 
tween A and JS), 
then the sum of 
the moments due 
to two forces, each 
equal to P, acting 
at A and P, is 

equal to : — Fio. 22 

P>^AO+P >^BO—PUO+BO) 

=P.AB 
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(ii) Let the point, about which moments are re- 
quired be O' (outside BA). 

Then the sum of the moments due to two forces, 
each equal to P, acting at A and B, is equal to 

P. BO'—P.AO'=P.\^{BA-\-AO')-{AO') 
-P.BA 

Moments tending to rotate the body in the coun- 
ter-clockwise direction are called positive while those 
tending to rotate it in the clockwise direction are taken 
as negative. 

NOTE.— Two couples impressed on a rigid body balance, if their 
moments are equal and opposite. 

Thus to balance a body acted upon by a couple, it 
is necessary to impress another couple of equal but 
opposite moment on the body. 

33. Centre of gravity. The composition of parallel 
forces IS strikingly illustrated by the force of gravity. A 
rigid body is made up of a very large number of small 
particles and every particle is pulled towards the centre 
of the Earth, with a force equal to the product of its 
mass and the value ot gravity, i. e. mg. These forces 
acting on the various particles of a body due to gravity 
are parallel for all practical purposes, provided how- 
ever, that the body is of finite size. The pulling forces 
exerted on the various particles, though in reality con- 
verging towards the centre of the Earth, may yet be 
considered as parallel, since the centre of the Earth 
is very far off as compared to the distances with which 
we have to deal. Thus the whole pull on a body due to 
the Earth, known as its weight, is in reality the resul- 
tant of an infinite number of parallel forces. 

The resultant of various parallel forces due to gravity 
passes through a point fixed relatively in the body., and is 
called the centre of gravity of the body. 

To find the centre of gravity of a body by 
calculation. In the case of symmetrical bodies, it is 
possible to find the centre of gravity of the body from 
its geometrical form. Thus the centre of gravity of a 



74 


MECHANICS 


sphere is its centre, similar is the case with a cube or an 
ellipsoid. In some cases however, even if the body be 
less uniform, it is possible to calculate its position, for 
it is simply the point through which the resultant of a 
number of parallel forces passes. Thus if Tni, m 2 i etc. 
be the masses at distances xi^ X 2 ^ etc. from any point in 
a line, the distance x of their centre of gravity from 
the same point is given by 

a, = proved 

mi + m2 + 

above in the case of resultant of parallel forces. 

Thus the centre of gravity of : — 
a uniform rod is its middle point, 

a circular ring is its centre, 

a circular disc is its centre, 
a sphere is the centre of the sphere, 

a parallelogram is the point of intersection of its 
diagonals. 

a triangle is the point of intersection of its 

median lines. 

a solid cone is V 2 of the way up the axis of the 

cone. 

SUMMARY 

1. Parallel force*. Forces are said to be parallel when 
the lines along which they act are parallel to one another. 
They are said to be like, when they act in the same direction; 
and unlike, when they act in opposite directions. 

2. A system of two equal, unlike, parallel forces, which 
do not act through the same point is known as a couple and 
this cannot be replaced by a single force. 

3. The moment of a couple is the product of one of the 
forces and the perpendicular distance between them. 

4 The centre of gravity of a body is the point relatively 
fixed to the body, such that through it, passes the resultant 
of all the parallel forces due to the Earth^s attraction m the 
body. 

EXAMPLES 

1 Two like parallel forces of 200 and 400 grammes 
weight act upon the extremities of a body 18 centimetres long. 
Find the position and magnitude of the resultant (the weight 
of the body being neglected). 
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JR=P+Q ; 200 +400 =600 grammes weight. 

Suppose aj= distance of the position of action of R 
from the force of 200 grammes weight : 

Then 20a'i?=400(l8-aj) 
or £C=12 centimetres. 

2. Find the resultant of parallel forces 2,-4, 8 and— 6 
acting at equal distances of 6 inches along a bar the weight 
of which may be neglected. 

The resultant of forces 2 and 8 would be 10 and shall 
act at a point X so that 8XXC=2 (12— XC) 
or -Y(7=2‘4 inches. 

Similarly the resultant of forces — 4 and —6= — 10 
and shall act at a point Y so that — 6X(12 — i5y)= — 4XPy 
or Z?y=7‘2 inches or (7y=l‘2 inches. 


-10 



Fig. 23 

Hence the distance between ZF=2’4"+1*2" 

=3'6 inches. 

The two forces are equal in magtiitude and opposite in 
sign. Thus they constitute a couple the moment of which 


is equal to 


10X3'6 , 

12 


*3. 


3. A man and a boy carry a load of 100 lbs. by means 
of a pole 8 feet long. Where must it be attached to the 
pole, that the boy may bear one-fourth of the weight, 
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(i) neglecting the weight of the pole, (ii) taking the weight of 
the pole as 40 lbs. 

(/) The total weight to be borne by the man and the 
boy ==100 lbs.; and as the boy is to bear 1/4 of the total 
weight, therefore he must bear 25 lbs. and the man 75 lbs. 

Let a? be the distance of the point from the boy and 
8 — X from the man. 

Then 25 x x=lb X (8—a?) 
or 5 c =6 feet. 

(ti) The total wt. in the second case = 100 + 40 = 140 lbs. 

140 

The boy is to carry — - — =35 lbs. and the man 105 lbs. 

4 

Let X be the distance of the point of suspension of 
the load from the hoy. The weight of the pole (40 lbs.) acts 
through its centre. Taking moments about the position of the 
boy for equilibrium, we have lOOic+40 X 4 = 105 X 8+35X0 

or 02=6*8 feet from the boy or 1*2 feet from the man 

4. A beam, whose length is 8 feet and weight 20 lbs. 
has weights of 4 lbs. and 8 lbs. suspended irom its extremi- 
ties. Find the position of a point about which it will balance. 

5. An iron bar weighs 5 lbs. per foot, it balan- 
ces about a point 2 feet from one end, when a weight of 6V4 
lbs. is suspended from that end. How long is the bar^ 

6. A light bar (the weight of which may be neglected), 
5 feet in length, is placed upon a fulcrum, 1 foot from one 
end. If a weight of 10 lbs. is placed at this end, what 
weight must be placed at the other end for equilibrium? 

7. A straight uniform rod of 9 feet has weights of 20 
and 30 lbs. attached to its ends, and rests in equilibrium 
when placed across a fulcrum, distant 4 feet from 30 lbs. 
weight. Find the weight of the rod. 

*'8. A uniform beam 10 feet long, weighing 80 lbs., is 
suspended from two points in a horizontal ceiling, 16 feet 
apart, by strings each 5 feet long attached to its ends. Find 
the tension in each string. 

9. A uniform plank 24 feet long rests on the top of the 
two walls 12 feet apart. The walls are of the same height 
and the plank projects equally beyond each. A man starts 
walking from the centre towards one end of the plank. If 
his weight be 8 stones and that of the plank 4 stones, find 
how far beyond the wall he can walk without tipping up the 
plank. 



CHAPTEE VIII 

WORK AND ENERGY 

34. Work. Whenever a force acts upon a body 
in such a way as to produce motion, work is said to be 
done. 

From the above definition, it follows that a man 
does work, if he lifts up a body from the ground and 
that he does no work if he does not succeed m moving 
the body; although he may be exerting a considerable 
force. Similarly a man supporting a weight on the palm 
of his hand at a fixed height from the ground does no 
work, although he exerts force in order to prevent it 
from falling to the ground. Thus work is aone by a 
force only when its point of application moves. 

Work is done hy a force, when the body upon 
which the force acts, moves in the direction of the force ; 
and work is done against the force, when the body on 
which the force acts moves in the direction opposite to 
that of the force. 

No work IS said to be done either by or against a 
force, if the direction of motion of the body is pei*^ 
pendicular to the directim of the force. 

Thus in the case of a train moving on a level line, 
no work is done either by or against the force of gravity 
but when it is moving uphill, work is done by the 
engine against the force of gravity and when it is mov- 
ing downhill, work is done by the force of gravity. 

35. Measurement of work. The work done by or 
against a force is measured by the product of the force 
into the distance through which its point of application 
has moved in the direction of the force, 

W=FxS 


77 


( 14 ) 
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■ Wheii however, the body on which the force is ac- 
ting does not ac- 
tually move in the 
direction of the 
force, as for exam- 
ple, a stone resting 
on a smooth table 
AB (fig. 24) is pul- 
led by a string AD 
in the direction A 0 
with a force P, but ^ 
the stone slides 
along the table to Fig. 24 

the point P, the work done is still equal to the pro- 
duct of the components of the force in the direction of 
motion and the distance through which the body 



moves. 

j.g. ■(F'ss.APx P cos 6=Px i4(7, where O' is a point 
on the line AD, where the perpendicular from the point 
B on AD falls and AC is the distance which the parti- 
cle has moved parallel to the line of action of the 


Thm the worlc done, Ws=the component of the force 
in the direction of displacement x distance 

or force x component of displacement in 

the direction of the force. 

From the above it follows, that the work done 
against gravity in raising a mass m through a 
height h is independent of the path taken by it. The 
work done in raising a body through a perpendicular 


distance ft is given by 

W^mgh 


(14a) 


Units of work. In the F.P.S. system, the absolute 
unit of work is called the foot-poundal and it is the 
work done by a force of one poundal, when its point of 
application moves through one foot. The practical 
unit of work (in this system) is the foot-pound and is 
equal to the work done by a force of one pound weight, 
when its point of application is moved through one 
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foot. It is approximately equal to 32 foot-poundals. 

In the C.G.S. system, the absolute unit of work is 
called the erg and is the work done by a force of one 
dyne, when its point of application moves through one 
centimetre. The gravitational unit of work on the 
C.G.S. system is called the gramme-centimetre and is 
the work done in raising a mass of one gramme through 
one centimetre against the force of gravity. It is equal 
to 981 ergs. The Practical unit of work is called the 
joule and is equal to 10^ ergs. The French Engineers 
use the kilogramme-metre as their practical unit of 
work. It is equivalent to the work done by a weight 
of a kilogramme when raised through a metre. It is 
equal to 981,00,000 ergs. 

36. Power. — It is the rate at which an agent does 
work. When uniform, it is measured by the amount 
of work done in one second. 

In the F.P.S. system, the common unit used by 
the Mechanical Engineers, is known as the Horse- 
Power. It was supposed to represent the rate at which 
an average horse was capable of doing work. 

The rate of working is said to be one horse-power, 
when 660 foot-pounds of work are done per sec, or 33,000 
foot-pounds of work are done per minute. 

In the C.G.S. system, the prevalent unit of power 
is called the Watt and is equal to the potver of an agent 
which can do work at the rate of one joule (10^ ergs per 
second. This unit of power is extensively used by 
Electrical Engineers. 

746 Watts^One Horse-poiver. 

37. Energy'^. The energy of a body is its capa- 
city of doing work. Every body in motion, for exam pie 
a bullet shot from a gun, is capable, under suitable 

^Energy should not be confused with power. Energy refers to the 
total quantity of work, which a body can possibly do without any res- 
triction of time, during which the work is done Power refers to the 
rate at which work is done and has nothing to do with the total quantity 
of work done. 

2. It should not be confused with work either, but it may be 
called possible work. 
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conditions, of doing work. A body at rest may also 
be capable of doing work under suitable circumstances. 
Thus a stone lying on a roof will, if slightly pushed 
over to one side, acquire a great velocity during its 
fall and thus be capable of doing work. Similarly, a 
stretched India-rubber tubing and an elastic spring are 
capable of doing work when released. 

Two kinds of energy: — (i) Potential and (ii) Kinetic. 

Potential Energy is the energy possessed by a 
body by virtue of its position or configuration. Thus 
the energy of a stone on the roof of a building, a 
stretched spring and hot steam in the boiler of an engine 
are examples of bodies possessing potential energy. 

Kinetic Energy is the energy possessed by a body 
by virtue of its mass and velocity. The energy of a 
moving bullet and of water in motion are examples of 
kinetic energy. 

Measurement of Kinetic Energy. Work is done 
when a body is set in motion; and conversely, a moving 
body is capable of doing work, when brought to rest 
by a resistance. Suppose a force F acts upon a body 
of mass m, which is initially at rest. The force F 
would produce an acceleration of a cms. per sec. 
per sec., given by the equation 

F=ma (i) 

Suppose the force F continues to act till the body 
has traversed a distance equal to S. At that time the 
body shall have a velocity v given by the equation: — 

{ii) 

Substituting the value of a from equation (i) 

we have 2.~.iS 
m 

or Vs mv“=F.S ( 16 ) 

The right-hand expression denotes the work done 
by the force, when its point of application has been 
shifted through the distance S, but the whole of this 
work has been expended in producing a velocity v in 
the body ; therefore the left-hand expression gives the 
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value of kinetic energy of the body. 

Suppose now, that the above body of mass ni mov- 
ing with velocity v is retarded by the action of some 
force F. This force will produce a negative acceleration 
of — o, given by the equation. 


and the body in consequence of this will be brought 
to rest after travelling a distance /6’, given by the equa- 
tion: — 

02 — X —ax. 8 [i) 

or 2 X X S (ii) 

tn 

Vs mv2=FS (15a) 

The right-hand side expresses the work done 
against the retarding force: the left-hand side must 
denote the work done by the moving body and therefore 
its kinetic energy. 

Thus the kinetic energy of a moving body of mass 
m and velocity « is always equal to Vs It is ex- 
pressed in grammes and o in centimetres per second, 
the energy is measured in ergs; and if in is in pounds 
and c in feet per second, it is me.asured in foot- 
poundals. 

38. The Conservation of Energy. “The total 
energy of any material system is a quantity, which 
can neither be increased nor diminished by any action 
between the parts of the system; though it may be trans- 
formed into any of the forms, of which energy is sus- 
ceptible” (Clark Maxwell). The energy of a body may 
change its form from Potential to Kinetic, and vice versa. 
Thus a bullet shot upward from a gun starts with 
kinetic energy, but with no potential energy. As it 
goes up, its kinetic energy goes on decreasing, while 
its potential energy goes on increasing correspondingly, 
since its height becomes greater and greater till at its 
highest point, when the bullet is instantaneously at 
rest, the kinetic energy becomes zero, and the 
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whole of it is transformed into potential energy. The 
height to which the bullet rises can be easily found by 
dividing its kinetic energy at start by its weight. 

Thus Va nw^^mg h 


or — ... 

mg 


....( 16 ) 


Thus the energy of the bullet is conserved during 
its flight; at the bottom it is totally kinetic and at the 
top it IS totally potential; but the amount is the same 
throughout the motion. The principle is not capable 
of experimental proof in the strict sense of the word; 
for it is not possible for us to follow with any close 
certainty the vaiious interactions, which may occur 
between material bodies. The most convincing proof 
of the principle is probably the fact, that many other 
principles founded on it stand the test of experiment. 
The discovery of the above principle has perhaps been 
the greatest and the most important of all the dis- 
covenes of the last century. To sum up then, the 
principle of conservation states that whenever work is 
done or energy produced, it is not created out of 
nothing; but it is actually manufactured out of pre- 
viously existing energy. 

To shoic that the sum of kinetic and potential energies 
of a fqlUng body is constant and is equal to the poten- 
tial energy possessed by the body at the highest point. 

Let a body of mass m be initially situated at a 
height h from the ground, its potential energy will 
then be mg. h. 

Suppose it falls through a distance x. Its 
potential energy will be mg{h--x) and its kinetic energy 
will be x ^xg^mgx. 

Therefore sum of both kinds of energy will be 
mg{h — a?) + mgx'^^mgh. 

This is the potential energy, possessed by the body 
at its highest point. 

39. Dissipation of Energy. The transformation 
of energy from available or useful form to unavailable 
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or useless form is spoken of as Dissipation of Energy. 

We have mentioned above, that energy can neither 
be created nor destroyed; but what happens to the energy 
of a moving bullet, when it strikes against a hard 
target? Experience shows that the bullet is stopped 
and IS heated Thus its kinetic energy is no doubt 
transformed into an equivalent amount of heat energy; 
which warms the air and cannot be utilized tor 
any useful purpose. In this case the energy of 
the bullet is said to be dissipated, for it is trans- 
formed to a low level form, wherefrom it is not pos- 
sible to make use of it. If we were to follow the phe- 
nomena of natural interactions of various bodies in the 
universe more closely, we would always see that ener- 
gy of all forms is finalty degraded to heat, though it 
may pass through many stages before it does so. 

As a consequence of this transformation, the aver- 
age temperature of the universe must be slowly in- 
creasing. Some of the scientists have gone even so 
far 111 this direction, as to declare that “the mechanical 
energy of the universe will be more and more trans- 
formed into universally diffused heat, until the universe 
will no longer be a fit abode for living beings ’’ We 
may however, console ourselves by the idea that this 
would not take place at least for several generations to 
come. 

Forms of Energy The following are the various 
forms in which energy manifests itself: 1. Motion 
2. Strain. 3. Vibration. 4. Heat 6. Radiation. 
6. Electrification. 7. Electricity in Motion. 8 Chemical 
separation. 10 Gravitative separation. Sometimes vital 
energy is added to these, 

SUMMARY 

1. Work. Whenever force acts upon a body in such a 
way as to produce motion, work is said to be done. 

2. Work=^ F.S, t- e work i.s measured by the product of 
the force and the distance through which its point of appli- 
cation is shifted in the direction of the force. 

3. Erg IS the absolute unit of work in the C, G S, sys- 
tem; and IS the work done by a force of one dyne, when its 
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point of application moves through one centimetre. 

4. Foot-poundal is the absolute unit of work on the 
F.P.S, system; and is the work done by a force of one 
poundal, when its point of application moves through one 
foot. 

5. Grammec. metre and foot-pound are the gravitational 

units in the and FP-S. systems respectively. They 

are 981 and 32 times the corresponding absolute units. 

6. Power. The rate at which an agent does work is 
called Power. 

Horae-Power is the unit of power in the F.P,S. system; and 
18 equal to the rate of doing work at 33,000 foot-pounds 
per minute or 550 foot-pounds per second. 

Watt is the unit of power in the C.G.jS. system; and is 
equal to the rate of doing work at one joule or 10^ ergs per 
second. 

7. Energy of a body is its capacity of doing work. It is of 
two kinds: (a) Potential energy, Le the energy which a 
body possesses by virtue of its position and mass. It is 
usually equal to mgh. {b) Kinetic energy, f.e. the energy, 
which a body possesses by virtue of its mass and velocity. 
It is measured by Vs 

8. Conservation of Energy. Energy can neither be created 
nor destroyed. 

9. Dissipation of Energy. Transformation of energy from 
useful to useless form is known as dissipation of energy. 

EXAMPLES 

1. Find the energy of a bullet of mass 26 grammes 
moving with a velocity of 100 cms. per second. 

K.E.=^% X 25 X 1002=125000 ergs. 

2. A stone weighing 2 lbs. is dropped from a tower 
20 feet high. Calculate its K.E, when it reaches the ground. 

(а) The work done by a weight of two pounds in falling 
through a distance of 20 feet 

=2 X 32 X 20= 1280 foot-poundals. 

As work = kinetic energy, therefoie A^FJ. = 1280 foot- 
poundals. 

(б) The velocity of the stone on reaching the ground 
is given by : — 

t;2=2X 32X20 

and Ar.i;.=V 2 wv2=: Vs X 2 X 2 x 32 X 20 
==1280 foot-poundals. 
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3. Find the work done and the horse-power developed 
by a locomotive, when it draws a train of 100 tons up an 
incline of 7 m 64 at a speed of 30 miles an hour, the 
friction being 16 tbs. weight per ton. 

30 miles per hour=* — — — =44 feet per sec. 

60 X 60 

The forces to be overcome are (i) 15X100 = 1500 tbs. wt. 

due to friction, and ( i i) - PQ = 24500 tbs. wt. due to 
gravity ; 

Work done in one second=i^.4S'=26000 lbs. wt. X 44 ft. 

= 1144000 ft. tbs. 

This represents an H.P. of =2080. 

650 

4. A bullet of mass 20 grammes moving with a velocity 
of 100 metres per second is brought to rest, after penetra- 
ting 10 cins. in the target. Find the average resistance 
offered by the target. 

The K.E. of the bullet=V 2 mv-^= V*. 20. (10000)^ 

= 10X10” ergs. 

But the energy =the woik done by the retarding force. 
10=10X10” eigs 
or 2'''=10” dynes. 

5. A train of 75 tons is running at 30 miles per hour. 
What force is required to stop it m 220 yards? 

The K, Va X 75 X 2240 X 44^ foot- 

poundals; and K. 15?.= Work done by the retarding force. 

. . 7^^ X 660 = ^3 X 75 X 2240 X 44 X 44 

or F=246400 poundals. 

6. If a train moving at 40 feet per sec. up an incline 
of 1 in 64, slips a carnage; how far will the carriage move up, 
before beginning to run back ? 

The initial velocity of the carriage = that of the tram 
=40 feet per second. 

The acceleration downwards is 32X--;^ = V 2 ft. per sec. 

64 

per sec. 

the distance which the carriage will move up 
before beginning to run back is given by : — 
02»-402=2X-V2Xfif 
or i8^= 1600 feet. 
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7. A reservoir contains water at a height of 100 feet 
above the ground. What is the potential energy of the 
water in foot-poundals per gallon ? 

The potential energy = force X height, 
the energy of one pound of water =3200 ft.-poundals 
.*• the potential energy per gallon = 10 X 3200 

=32000 foot-poundals 


for 1 gallon = 10 tbs. 

8. A bullet of 100 grammes is discharged with a 
velocity of 100 metres per second fiom a rifle» the barrel of 
which IS one metre in length. Calculate the energy of the 
bullet, when it leaves the muzzle and the mean force 
exerted by the powder 

The KE of the bullet is ^,'2 X 100 X (10,000)^ 

=5*0*f 10® 


This energy must be equal to the work done by the 
force of powder ; F. 100 =5 OX 1,0® 

5*0 X 10^ dynes. 

9. A man of mass 120 tbs. walks up a ridge rising 1 in 8 
at the rate of 4 miles an hour. Eind his rate of doing 
work. 


The velocity of the man is 4 X 


1760 X3_ 88 


60X60 15 


— feet per sec 


The force due to gravity =120X^ tbs. weight 

= 15 tbs. weight 


the work done m one second=15x 


15 


=88 foot-pounds , 


88 _ 
**■560 


2 ^ Horse-Power. 


10. Assuming that a person walking on level ground 
does work equivalent to the raising of his own weight ver- 
tically upwards through one-twentieth of the distance 
walked. Find (in foot-tons) the average daily work done 
by Hamid in his walk of 6000 miles in 100 days, his 
weight being 9 stones and 2 tbs. 

11. A mass of 12 kilogrammes is raised to a height of 
5 metres. Find its energy. 

12. What IS the K.E. of a mass 1 cwt., after it has 
fallen from rest for a second. 

13. A shot travelling at the rate of 200 metres per 
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second is just able to pierce a plank 4 eras, thick. What 
velocity IS required to pierce a plank 12 eras, thick? 

14. A railway carriage 6 tons heavy contains 100 pas- 
sengers, each weighing 10 stones. Find its K.E, when it is 
moving at the rate of 60 miles an hour. 

15. Find the horse-power exerted by an engine, which 
draws up an incline of 1 in 200, a tram weighing 150 tons 
at the rate of 15 miles an hour, the frictional resistance be- 
ing 16 tbs. per ton. 

16. A man cycles up a hill, whose slope is 1 in 20, at 
the rate of 8 miles an hour. The weight of the man and 
the machine is 187 Vs tbs. What work per minute is he doing? 

17. A railway carriage of mass 2 tons, moving at the 
rate of 3 miles an hour strikes against the buffers of a tram, 
the springs of which yield 4 inches. Find the average force 
exerted by them. 

18. A rifle bullet, whose mass is 25 grammes leaves 
the muzzle of a rifle with a velocity of 640 metres per 
second. Find its kinetic energy State carefully the units 
in which your answer is expressed. 

19. A stone of mass 6 kilogrammes falls from rest at a 
place, where 5r=90 cms. sec.‘^ What will be its kinetic energy 
at the end of 5 seconds ? 

20. A mass of 3 lbs. is shot vertically upwards so as 
to rise to a height of 25 feet. Find its original kinetic 
energy ? 



CHAPTER IX 

EQUIUBRIUM 

40. Equilibrium. When any number of forces 
acting on a body are so balanced, that they produce 
no acceleration of any kmd, the forces as well as 
the body are said to be in equilibrium. The con- 
ditions which the forces then satisfy, are called the 
conditions of equilibrium. 

From the above definition, equilibrium only means 
zero acceleration but not zero velocity necessarily. For a 
body to be m equilibrium, all what is required is that 
either the body may be at rest or it may be moving with 
uniform velocity in a straight line. Thus a train resting 
on a railway line is in equilibrium and so is a train 
moving with uniform velocity in a straight line. Equilib- 
rium is zero acceleration; and as we see, the accelera- 
tion is zero in both the cases cited above. 

Conditions of Equilibrium for two forces. The 

two forces acting on the body should (i) be of equal 
magnitude and (ii) act in opposite directions along the 
same straight line. 

A body resting on a table is in equilibrium; for the 
two forces acting on it, namely its weight acting ver- 
tically downwards and the reaction of the table act- 
ing vertically upwards are equal in magnitude but 
opposite in directions along the same straight line. 
Similar is the case of equilibrium of a picture hanging 
from a nail. In order that the picture be in equilibrium, 
it is essential that the tension of the string must act 
vertically upwards in the same straight line, in which 
the weight acts vertically downwards. 
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41. Conditions of Equilibrium for three forces: 
(a) when the forces are not parallel. When three torces 
acting on a body are in equilibrium, the following 
conditions must be fulfilled : — 

{i) The three forces must be in the same plane, 
(ii) their lines of action must all pass through the same 
point and (lii) it must be possible to represent them in 
magnitude as well as in direction by the three sides of 
a triangle taken in order. 

These conditions can be deduced easily from the 
conditions of equilibrium of two torces cited above. 
Thus if P, Q and R be the three forces in equilibrium, 
the lines of action of P and Q must meet at some 
point O; then by the parallelogram law of forces, 
the resultant of P and 
Q must pass through Q 
0. Now the force R which 
balances P and Q must 
balance their resultant : 
and this it can do not only 
by its being in the same str- 
aight line as the resultant 
but also by its being equal 
and opposite to it. Hence 
the line of action of must 
pass through 0, i,e, the lines 
of action of P, Qand R must 
meet in a point, (condition it). And iimust be in the same 
plane as the plane of the parallelogram with P and Q as 
adjacent sides; for it is to be in the same straight line 
as their resultant, (condition i). Also R must be equal 
to the third side of the triangle, two of whose sides re- 
present the other torces, i,e, P and Q, (condition Hi), 

{b) When the forces are parallel. When 
three forces acting on a body are parallel in direction 
the following conditions must be fulfilled: — (0 The 

forces must be in the same plane; {ii) the algebmk sum 
of the forces P, Q and R must be equal to zero, i.e. forces 
acting in one direction must be numerically equal to 
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those acting in the opposite direction ; and {in) The 
algebraic sum of the moments of all the forces about 
any point in the plane must vanish. 

These conditions can be easily verified; for as one 
force R is to counterbalance the resultant of P and Q, R 
must be in the same plane as P and Q and must be equal 
to their sum. In short, conditions (?) and {^^) are essen- 
tial for no motion of translation; while condition (m) 
must be satisfied for no motion of rotation. • 

Condition of Equilibriunn of any number of forces: 

(a) When they are acting on a particle. Any 
number of forces, greater than three, may not necessarily 
be in the same plane; nor meet m a ] oint in order to be 
in equilibrium. All that is required is, that it should be 
possible to represent the various forces acting on a point 
by the sides of a closed polygon, drawn parallel to the 
respective forces, and taken in order. 

When a polygon is complete, it means there is no 
resultant. For the line required to complete a polygon 
represents the resultant; but as no line is required to 
complete a closed polygon, hence there is no resul- 
tant. 

{h) When they are acting on a rigid body and are 
not parallel. 

{i) The sum of the components of all the forces, 
in any one plane, in two directions at right angles to 
each other, must be zero. 

{ii) The sum of the moments of all the forces about 
any point in the plane should vanish. 

The proof of these is left as an exercise to the 
student. It must however be noted, that condition 
(i) is essential for no rectilinear acceleration and condition 
{ii) for no spinning acceleration. When both the con- 
ditions are fulfilled, equilibrium would be complete. 

(c) When they are acting on a rigid body but 
are parallel. All the conditions are the same as those 
enumerated for the equilibrium of three parallel 
forces. 
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42. Conditions of equilibrium of a body resting 
on a plane surface^ horizontal or 
inclined, on which no slipping can 
take place. The condition required 
is that the vertical line drawn from 
the centre of gravity must neces- 
sarily pass within the base of the 
body. In these cases, the body 
is to be in equilibrium under the 
action of two forces, namely: — 

Its weight acting vertically 
downwards and the re-action of the 
plane acting perpendicularly to the Fig. 26 

plane. In order that these forces be in equilibrium, 
they should either be equal ’ 

and act in opposite direc- 
tions along the same straight 
line \ or they must produce 
equal moments in opposite 
directions about the point P. 

These conditions can only 
be fulfilled if the vertical line 
from the centre of gravity 
passes within the base ; and 
if it does not do so, as shown 
in figure 27, then the body 
will topple down. Fig. 27 

SUMMARY 

1. A body IS said to be m equilibrium, when either it 
is at rest or is moving with a uniform velocity in a straight 
line. 

2. Condftioni of equilibrium : — 

(rt) for two forces — 

(f) they must be of equal magnitude and must act in 
opposite directions along a straight line. 

(6) for three forces, not parallel in direction — 

(e) They must be in the same plane. 

{it) Tkeir lines of action must all pass through the same 
point. 

{lit) It should be possible to represent them by the 
three sides of a triangle taken in order. 
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(c) for three forces, parallel in direction — 

(/) They must be in the same plane. 

(it) Their algebraic sum must be zero. 

{ill) The sum of their moments about any point must 
vanish. 

(rf) for any number of forces — 

(/) The sum of the components of all the forces in any 
two directions, in a plane, at right angles to each other, 
must be zero 

{a) The sum of the moments about any point must 
vanish. 

3. Equilibrium is of three kinds: {i) Stable, (^7) Unstable 
and (///) Neutral. 

EXAMPLES 

1. A uniform rod AB at rest, with one end A againsi 
a smooth vertical wall. To its middle point C is attached a 
string, the other end of which is fastened to a point C in 
the wall Prove that the reaction of the wall is along AB 
and show that the rod is horizontal. 

Figure 28 shows the forces acting on the rod AB, one 
end of which is against the smooth wall and to the middle 
point of which is fastened the string. The reaction due to 
a smooth wall is always perpendicular to it. 

For equilibrium, the 
three forces must meet at 
a point; therefore the re- 
action must pass through 
the centre of gravity G of 
the rod, for the tension 
and the weight act at that 
point. 

Thus the reaction 
must act along the rod 
which must be perpendicu- 
lar to the smooth wall. 

2. In the above ex- 
ample find the reaction, if the length of the 8tring=ilB, the 
length of the rod itself, and it weighs 10 lbs. 

We have CG-AB^L or AG -^ItCG 

The angle GC4=80'’and CA=^ 

Now as the forces are in equilibrium, it should be 



ri6, 28 
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or 


.10 


10 


lOv/3 

or — - — lbs. 
3 


possible for us to represent them by the sides of a Iriangle. 
CAG IS the triangle, such that its three sides are respec- 
tively parallel to the three forces. 

. jW _10 

AG R 

^ R v/3 

3. A bridge 10 feet long and weighing 2 tons, rests on 
two supports at its ends. What forces are exerted on each 
support, when a trolly weighing ^4 of a ton is half way 
across^ 

In this case, the total force acting downwards=2-f V 4 
— 2 V 4 tons. 

the upward pressure exerted by the two supports 
must also be equal to 2^4 tons. As the weight acts at the 
centie of gravity and the supports are equidistant, there- 
fore equal force is exerted by each. 

Hence the force exerted = H tons 

4. A lamp weighing 10 lbs. hangs from the end of a 
horizontal rod 10 ft long, sticking out perpendicularly from 
a wall. The other end of the rod is hinged to allow motion 
in a vertical plane A wire is attached to the middle of the 
rod and to a hook in the wall, 5 ft above the hinge. Find 
the tension of the wire, the rod weighing 5 lbs. (P. U» 1931) 

EXAMINATION QUESTIONS II 


1. Define momentum and kinetic energy, and state 
clearly the relation between force, work, energy and power. 

2. Explain how you can measure a force. State clearly 
the difference between pounds weight and poundals. What 
are the corresponding French units, and what are pounds 
and grammes? 

3. Distinguish between Kinetic and Potential energy 
and show that the sum of Kinetic and Potential energies of 
a falling body is constant and equal to its potential energy 
at start. 

4. State the principle of the Conservation of Energy 
as employed in Mechanics, and illustrate it by some examples. 
By the aid of this principle, show that the velocity acquired 
by a body in falling down a smooth inclined plane, depends 
only on the vertical height and is independent of its length. 

5. The erg and foot-pound are both units of work. 
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A horse-power is 33,000 foot-pounds per minute. How many 
ergs per hour would this be (1 lb.=463‘6 gms. and 1 inch 
=2‘64 cms.) ? 

6. Explain by means of the motion of a pendulum, the 
meaning of the terms “ Potential energy ’’ and “Kinetic 
energy.” When has the pendulum kinetic energy, when 
potential and when both? 

7. Define a couple. What sort of action has a couple 
when applied to a body? Give an example of the appli- 
cation of a couple to a body. When are two couples said 
to be equal? 

8. State the conditions of equilibrium of three forces 
acting on a body. 

9. Give the laws of friction. A cubioal block rests on 
an inclined plane with four edges horizontal. The angle of 
inclination is slowly increased. If the coefficient of friction 



determine the angle when the block just slides. 


Also determine the angle when the block turns over, if pre- 
vented from sliding by a small obstruction in front. 

(P. U. 1931) 



CHAPTER X 

MACHINES 

43. Machine. Any contrivance by which force 
exerted at one point and in a particular direction, is 
available for doing external work at any other point 
and in some other direction, is known as a machine. 
When a labourer has to draw a bucket of water from 
a well, he finds it convenient to pull the rope, which 
passes over a pulley, than to haul the same up without 
the use of the pulley. 

Power or Effort. The effective force exerted 
by a body which loses energy, on a machine is 
often called the power. The choice of the word is 
very unfortunate, for power has already been used in 
quite a different sense, Rankine has suggested the 
better term “Effort*^; and it is always better to use 
the term effort in preference to power. 

Weight or Resistance. The force, which the 
machine exerts over some other body, the resistance of 
which is to be overcome, is often called the ‘ weight.' 
As ‘Weight ’ has already been defined in a different 
sense, therefore the term ‘Resistance’ is now exten- 
sively used in preference to weight. 

Mechanical advantage. When the “ Effort ” ap- 
plied and the “ Resistance ” to be overcome by a 
machine keep the same in equilibrium, then the ratio 
of the “Resistance” to the “Effort” is known as the 
mechanical advantage of the machine. 

It must however, be noted that energy can neither 
be created nor destroyed and hence a machine is only an 
intermediate agent, by which energy is transferred 
from one body to another. The quantity of energy 

95 
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gained by one body should be theoretically equal to 
that lost by the other; but in practice some energy is 
always dissipated away as heat, hence the energy or 
work actually gained from a machine is always less 
than that put into it. 

Efficiency. The ratio of the useful work done by 
a machine to the total work done on the machine is 
called its efficiency. It is always a proper fraction and 
never equal to unity, except in the case of a perfect 
machine. 

Perfect Machine. A perfect machine is such that 
its various parts are frictionless, weightless and rigid ; 
and the chains or ropes are flexible. Thus a perfect 
machine is a physical impossibility. 

Velocity Ratio. The ratio of the distance moved 
through by the “ eflbrt ” to the distance moved 
through by the “ resistance ” is known as velocity 
ratio. 

Principle of Virtual Work or Virtual Velocities. 

According to this principle, if a system be in equilib- 
rium under the action of several forces, then no work is 
done, when the whole system suffers a little displacement. 

Thus in this case, from the conditions of equilibrium 
of several forces we deduce, that when a body is in 
equilibrium, no expenditure of energy is needed to 
produce a small displacement. Work is done by some 
forces and against others ; if there be equilibrium these 
two amounts of work are equal. This principle is of 
great help in finding the conditions of equilibrium of a 
system and is called the principle of virtual work: on 
account of the fact that the displacement need not 
really occur and may be considered purely imaginary. 

44. Function of a Machine. As it has been estab- 
lished already that no extra work can ever be obtained 
by the use of a machine, the question naturally arises, 
“ Where then lies its utility”? Work is always the 
product of two factors, force and distance ; and all that 
we can do with the help of a machine is that the ratio 
of the two factors can be changed without in any way 
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altering the product. Just as the number 24 can be 
split up into pairs of factors 24 and 1, 12 and 2, 8 and 
3, or H and 4; similarly the factors F and IS of a constant 
quantity of work may be varied at will. This is the 
sole use of a machine. Thus a smaller force acting 
through a longer distance, can by the use of a machine, 
move a bigger force through a shorter distance. This 
is sometimes expressed by the pithy saying that ‘‘ what 
is gained in power by any machine, is lost in speed (or 
time or distance).^’ Thus the mechanical advantage of 
a machine, is always the inverse ot the latio of the 
distance travelled by the ‘‘ resistance to the distance 
travelled by the theinaohine being supposed to 

be perfect. 

Forms of Machines Any machine, such as a pump, 
a locomotive or a sewing machine, consists of a number 
of simple parts. It is desirable to classify them. 

The following are the types of simple machines:— 

1. The lever. 

2. The wheel and axle. 

3. The pulley. 

4. The inclined plane. 

5. The wedge. 

6. The screw. 

45. The lever. It is a rigid rod or bar, straight 
or curved, which can freely turn only about a fixed 
point, called the FuUrum. The distance between the 
fulcrum and the point of application of the effort is 
called the Powei' arm or the Effort arm and that be- 
tween the fulcrum and the point of application of the 
resistance is called the Weight arm or the Resistance 
arm. The ordinary crowbar is an example of a straight 
lever. There are three kinds of levers:— 

Class 1 In this case, the fulcrum lies between the 
point of application of the 
force and the resistance. For 
equilibrium we have, if R be 
the re-action of the fulcrum, 
a and 6 be the lengths of 



Fia. 29 
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the arms FA and FB respectively : — 

R=:W+P (0 

where P is the effort and W the resistance 
P. BF = W. AF or Pb = Wa 

■■■ w=-f <« 

Thus, the mechanical advantage is the ratio of 
the power arm to weight arm. It will be greater or less 
than unity, according as /j is > or < a. 

Examples of this class of lever are a crowbar, a see- 
saw and a pair of scissors. 

Note. Work done by the effort = Work done 
against the resistance. 

Class II. In this case, the point of application of 
the resistance lies between 

the fulcrum and the point of ^ 

application of the force. Force A T5 TP 

and resistance act in opposite 

directions. For equilibiium 

we have: — Fig. 30 

M (0 

P. FA- IF. BF 

^ W FA a ,..x 

where FA— a and BF—b. 

Mechanical advantage in this case is always greater 
than unity, for a is always greater than b. Examples of 
this class of lever are a pair of nut-crackers and an oar. 

Class 111. In this case, the point of application of 
the effort lies between the . 

fulcrum and the point of 
application of the resistance, pg a 
H ere force and resistance ^ 

act in opposite directions. 

For equilibrium we have Fig. 31 

as before, 

P=P~ W {0 

P. FA=W. BF 
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The mechanical advantage is less than unity for a 
is always less than 6. Examples of this class of lever 
are a pair of tongs and a human fore-arm. In the 
latter case, the fulcrum is the elbow joint, the effort is 
applied by a muscle attached to the arm between the 
elbow and the hand when the weight is held in the hand. 

Bent levers. When a lever is not straight but is 
bent, the condition of equilibrium can still be obtained 
by equating the moments of the effort and of the resis- 
tance about the fulcrum. 

46. The wheel and axle. It consists, as shown 
in figure 32, of a wheel 
of large diameter and 
a cylinder of small dia- 
meter, capable of rota- 
tion about a common 
fixed axis. 

The force is appli- 
ed by means of a string 
coiled on the wheel and 
the resistance or the 
weight to be raised is 
attached to another 
rope, which is coiled on Fio. 32 

the cylinder in a direction opposite to that of the string 
on the wheel. In this way a weight can be raised by 
pulling downwards, the rope passing over the wheel. 

The mechanical advantage of a wheel and axle 
can be found out, both by the law of moments and by 
the principle of work. 

fa) Let R denote the radius of the wheel and r 
that of the axle, then for equilibrium, we have by 
taking moments about the axis, 

P.R= W. r 
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(b) Let us suppose that the wheel makes one 
complete revolution, then a length _ 

equal to 2'jr/if uncoils itself from 

the wheel and a length=2'nrr is / \ 

coiled round the axle. Thus the / ^ 

distance through which the force ( ( r j 

P moves is 2'ff/i and that through V • J 

which the weight W is raised is . / 

2Trr ; 

P. 2^r]i=i W.^irr, ^ i 

i,e. in-put of work=the out-put ^ P V 

W P , , 
or - = (tt) 

P r Fig. 33 


The device is sometimes known as a windlass or 
capstan. It is often used in a slightly modified form 
on wells for drawing water. 

47. Pulleys. A pulley is a small circular disc or 
wheel, with a groove cut in its outer 
edge round which a string can pass. 

The disc can rotate about the axis 
which passes through its centre and 
the ends of the axis rest on the block, 
within which the pulley turns. 

Fixed Pulley, A pulley is said 
to be fixed, when the block in which 
the pulley can move is fixed as 
shown m figure 34; and it is said 
to be movable when otherwise. The 
fixed pulley is useful only in changing 
the direction of the force. For taking 
moments round the axis O (fig. 36j, Fig. 34 
whatever the direction in which the rope is pulled, we 



have for equilibrium, 
P>^OA^W>^OB 


But OA^OB (being radii of the same circle). 

P must be equal to W, (0 

M6vable Pulley. Before investigating the con- 
ditions of equilibrium, it will be advisable to understand 
the assumptions usually made; 
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1. The support of the pulley are supposed to be 
frictionless, 

2. All parts are supposed 
0 be peifectly smooth, 

3. The tension in all 
parts of same string is sup- 
posed to he the same, 

4. The strings are all 
supposed to be parallel^ unless 
othertcise expressed. 

Single movable Pulley. 

When the two strings are 
parallel as shown in fig. B6, the Fig. 35 

forces acting are {i) the tension of the two strings each 
equal to P, the torce applied, acting 
upwards and {ii) the weight acting 
vertically downwards; therefore for equi- 
librium we have : — 

2P= IF 
W 

or — p =2(the mechanical advantage). 

When however, the two strings 
are not parallel, but each is inclined 
to the vertical at an angle 0; then for Fig. 36 
equilibrium, resolving both vertically, we must have : 

2 P cos W 

or -^is=2cos6. 



If however, the weight of the pulley be not neg- 
lected and be assumed as equal to rr, then the last 

11 ^* 4 " iJO 

equation becomes -—p~ -=2cos6. 


System* of Pulleys. There are various systems 
•under which movable pulleys may be arranged. Of 
these we shall describe only three, known as the firsts 
second and third systems of pulleys. 
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The First System. The first system as shown in 



(i) (Hi) (ii) 

Fia. 37 


fig. 37(0, consists of a number of pulleys (3 only shown 
here), each of which is suspended by a separate string 
passing round it, with one end attached to a fixed 
support and the other, fastened to the block of the 
next pulley. The weight to be raised is attached 
to the lowest pulley and the force is ’ applied to the 
string passing round the highest pulley. ’ Sometimes 
the force is applied after passing the string round 
a fixed pulley. 

Mechanical advantage. Let Wi, and be> the 

weights of the pulleys numbered 1, 2 and 3 respectively 
fig. 37 (i), W the weight to be raised, P the force applied, 
then the tension of the second string is clearly equal to 
2P for the forces acting on the first pulley are P 

and P acting upwards; and wi plus T acting downwards. 
The tension of the third string would, by similar reason- 
ing, be equal to 2(2P — — Now this tension in 

the two arms supports the weight W plus of the 
third pulley. 

/. We have Tr+?^3=8P— 2i4?2 
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or IV =8P— 4m7i — 2^2 — 

or Tr=2^P-2®“' ?(7 i-23~2 

or in general 2" P= W+2^~^ Wi + 2^~^ W 2 + . . +?<7n 

If however, the weights of the pulleys be neglected , 
then we have 2*^ P=W, 

W 

or -jp =2*^, the mechanical advantage, 

where n is the number of movable pulleys. 

The Second system of Pulleys. In this system, as 
in fig. 37 (^^), there are two blocks of pulleys, one 
attached to the beam and the other to the weight. In 
this case the same string passes round all the pulleys. 

Mechanical advantage. As the same string passes 
round, the tension is equal to the effort or force applied. 
Thus n P^W+ir^^ where Wi is the weight of the lower 
block and w=number of strings passing through it. 

W 

If Wi be negligibly small, then we have -p =n. 

The Third system of Pulleys. In this system 
Fig. 37 (iii), each end of the string is attached tothe bar, 
which carries the weight. The uj^permost pulley is fixed 
and a string passing round it supports the second pulley 
and so on. The force is applied to the last string. 

Then the tension of the first string ==P 

that of the second string=2P+^i. 
and that of the third string=42^+2^^;l + w ;2 

Tr=7P+3tci+ir2 

Neglecting the weights of the pulleys, we have 

W^=7Por ir=(2^-l)P 

W 

— =2” — 1, the mechanical advantage. 

48. The inclined plane. It is a plane inclined to 
the horizontal at an angle 9, When the force acts 
parallel to the plane as shown in fig. 14, page 63; 
then if P be the force and W the weight to be 
raised, we have by the principle of work, PZ=TFA. 
For when P moves from A to W is raised 
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W Z_ 1 
P h tind 


When however, the force P acts parallel to 
the horizontal ^ 

plane as shown ► C 

in figure 38, we \ ^ 01 ^^ 

have as before \ 

P.h^W.h 

W_ b _ 1 

P“ h tane 

48. (ft) The 

wedge. It IS a 

double inclined TTI-g 

plane. Its practi- 
cal forms are very Fih. 38 

numerous, such as knives, chisels, wood-cleavers etc. 

To find the mechanical advantage, we see (Fig. 39) 
that the force P is applied parallel to BC^ while the 
resistance W acts perpendicular to AC and A'C. 



C 

Fig. 39 

Resolving in the horizontal and vertical directions 
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we must have 

Pz=2ir sin^ 

u 



2 sin^ 


In practice it is difficult to find the mechanical 
advantage as the force P is applied by an impact. 

49, The screw. A screw consists actually of a com- 
bination of 


a lever and 


an inclined 
plane. It 
may be re- 
garded as 
made up of 
a right an- 
gled tri- 
angle such A 
as ACB 




Fig. 40, Fig. 40 


Fig. 41 


wrapped round the axis of a cylinder; and the pro- 
jecting spiral thread may be considered to coincide 
with the position of the hypotenuse AC, This cylinder 
passes through another of same radius and having a 
hollow groove in it, so that the projecting thread of 
the screw just fits into the hollow of the groove. This 
hollow cylinder is called the ^nut\ 


The distance between two consecutive threads is 
known as the pitch of the screw. The nut being fixed, 
the screw can be moved by means of the lever Li L,^. 

The mechanical advantage can be easily found by 
the ‘ principle of work’. Suppose P is the force ap- 
plied at and W the weight to be raised or resistance 
to be overcome, as the case may be, and let d be the pitch 
of the screw. When one complete revolution is given, 
the work done by the force =P x 2‘n x /, for 2‘n- x Z is 
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equal to the circumference, i. e. the distance through 
which the force is shifted, where I is the arm of the 
lever. 

The work done against the weight is equal to Wd ; 
for the weight is raised by the distance, through 
which the screw is raised and this is equal to the 
pitch of the screw. Thus >F.d=P.2‘ir/, 


W 27X1 
‘“•p=-d- 


(*) 


Thus the mechanical advantage can be consider- 
ably increased by either making I very large or the 
pitch very small. 

49. {a) The Screw-Jack. It is a machine for lifting 
heavy loads such as a de- 
railed engine ora punctured 
motor lorry. It is like an 
ordinary screw ; but with this 
difference that the screw is 
fixed, while the nut is mov- 
able and the power to rotate 
is applied by a system of 
cog-wheels. Pig. 42 repre- 
sents a small screw-jack 
used by motorists. The verti- 
cal screw IS rigidly fixed Fio. 42 

to the horizontal cog-wheel and is threaded through a 
steel block, which acts like a movable nut, and on this 
the weight W to be lifted is placed. The teeth of 
the horizontal cog-wheel are ‘engaged’ by the teeth of 
a vertical bevel- wheel, which is rotated by a lever. 
The horizontal wheel is always of much greater dia- 
meter than the bevel-wheel, so that the former contains 
many more teeth on its circumference than the 
lattpr. Thus one revolution of the bevel-wheel rotates 
the horizontal wheel {Le, the screw) only through a 
small fraction of a rotation. Hence if the horizontal 
wheel has n times as many teeth as the bevel-wheel; n 
revolutions of the bevel-wheel will be required to give 




MACHINES 


107 


one rotation to the screw. If in addition, the bevel- 
wheel is rotated by a lever of arm I and the screw has 
a pitch p ; the mechanical advantage will be 

W Distance mov ed through bj’’ the applied force 

P Distance through which the weight is raised ’ 


where P=the applied force 
2‘w X Z 2‘n'Zn 


i. e. 


n 




P 


Thus if the pitch be inch, 

n (the ratio of the no. ot teeth in the horizontal 
wheel to those in the bevel-wheel) be 5, 

and I be 12 inches. 

The mechanical advantage will be 12 x 5 x 10 x 2'n* 

= 1200Tr. 


SUMMARY 

Machine. Any contiivaiice by which force exerted at 
one point becomes available for doing exteinal woik at some 
other point is called a machine. 

Effort. Force applied is called the effort or power 

Resistance. The resistance overcome is called the resis- 
tance or weight. 

Mechanical advantage. It IS the ratio of the lesistaiice or 
weight overcome to the eflfoit applied. 

Efficiency. It 18 the ratio of useful work done by a 
machine to the total work done on it. 

Mechanical advantage in the case of 

^ length of effort-arm 

(i) Lever , 

length 01 resistance-arm 

/.N , _ Radius of wheel 

\ii) Wheel and axle= ' 

Radius 01 axle 

{iii) (a) First system of Pulleys=2’^ 

{h) Second ,. „ „ =n 

(c) Third „ „ „ =2"-l 


{iv) Inclined plane = 


when the force acts 


base 


parallel to the inclined plane ; and-^^^^^ , when 
acts parallel to the base. 


the force 
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(iv) a. Wedge = — — 

2sm~ 

(v) Sciew= -^^ - 

a 

{vO Sciew-Jack = 


2‘n’Zri 


P 

EXAMPLES 

1. A mass of 10 lbs. weight, rests on a plane inclined 
at 30° to the hoiizontal. What force acting parallel to the 
plane will be required to keep it in equilibrium. 

Suppose F 18 the force, then 

J!?=l 

P h 

When the inclination is 30°, then h is half of the length, 
or P=|Tr=5 lbs. weight. 

X L 


2. The pitch of a screw is 1 mm. and the effort is ap- 
plied at the end of a lever one metre long. It is found that 
a force equal to the weight of 100 grammes must be applied 
to raise a mass of 3*1416X10* grammes. Find its efficiency. 
y_2^?_ 2irX100. _g^^^ 

F d h 
W 

or P= , if the machine were perfect, 

2000 '^ 

or W - 100 X 2000'Jrrr 6*2832 x 10* 

Thus the given effort, if the machine were perfect, 
ought to raise 6*2832X10^ grammes; but it raises only 
8*1416 X 10* grammes. 


efficiency = 


3*1416X10 


;r or 50 


6*2832X10" 

3. A man weighing 100 tbs. is supported in a well by 
means of a wheel and axle, the radii of which are 20 and 8 
inches respectively. What force must be applied to (i) keep 
the man at rest in the middle of the well and (ii) let him 
down with uniform velocity ? 

W R 



MACHINES 


109 


100 

p 


8 


or P =40 tbs. wt. in both the cases. 


4. The average force that has to be applied at the end 
of a pair of nut-crackers m order to crack a nut is equal to 
15 tbs. weight. If the nut-cracker be 8 inches long and the 
nut placed at 2 inches from the hinge ; find the force m 


poundals, which will crack it. 

Nut-cracker is a lever of second kind. 


W a W % TiT^ac\ • 1 .*. 

or — =tr or TF=60 IDs. weight 
P 0 15 2 


or 60X32 = 1920 poundals. 

4. {a) A. motor-lorry, tare half-ton, and loaded with 
19 6 tons of luggage is to be raised up by a screw-jack of 
which the pitch is ^ inch, the crank of the handle 7*5 
inches and the horizontal cog-wheel has 4 times as many 
teeth as the bevel-wheel. Find the force necessary for 
the purpose. 


1F_20 X 2240. 
P P 


2 X TT X 7*5 X 4 
1 


s=300ir 


X -L=53*6 lbs. wt. 
3ir 22 


5. An inclined plane rises 3 in 6, what is its mechanical 
advantage ? — • — when the force is (^) parallel to the plane 
and {ii) horizontal. 

6. In a certain machine, it is found that the force-arm 
must be shifted through a distance of 18 inches to raise the 
weight by a distance of 3 inches. What effort will be re 
quired to raise a mass of 2 stones? 

7. If a weight of 5 tbs. keep at rest, a weight of 8 
tbs. by means of a single movable pulley ; calculate the 
weight of the movable pulley. 

8. A straight uniform lever, whose weight is 16 tbs., 
balances about a point one foot from its middle, when 
weights equal to 6 tbs. and 10 tbs. are suspended from its 
ends. Find the length of the lever. 



CHAPTER XI 

BALANCE 

SO. Balance. A balance is an instrument used for 
comparison of the masses of two bodies; but before 
we proceed with the construction and theory of the 
balance, it will be advantageous to recapitulate : “ What 
is mass and how it can be measured. ’’ 

Mass. The mass of a body is defined as the quan- 
tity of matter contained in it. Newton’s second law 
gives us a method of measuring it and implicitl}’’ lays 
down that if various bodies be acted upon by the 
same force, then their masses are inversely proportional 
to the accelerations produced in them. 

Weight. The above method of comparing masses 
is very cumbrous and inaccurate. In practice to com- 
pare masses, ice make use of the fact that the iceights of 
bodies are proportional to their masses. The simplest 
proof lies in the fact that all bodies fall to the ground 
in vacuum, with the same acceleration. Suppose we 
have two bodies A and B of masses mi and m2 and 
weights wi and W 2 respectively. Then their accelera- 
tions would be proportional to— and — , but we know 

nil m2 

by experiments that they are the same. 

Therefore or mi: wi : W 2 - 

mi m2 

The Balance. The ordinary balance is an instru- 
ment of common use and every body is familiar with 
it. 

Figure 43 represents an ordinary laboratory 
balance. It consists of a lever of the first kind with 
equal arms, from the ends of which two equal and 
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similar pans are suspended. Near the fulcrum a 
vertical pointer 
moves over a 
horizontal scale, 
and remains at 
the centre when 
the beam of the 
balance is in the 
horizontal posi- 
tion. To make 
this adjustment 
small screw 
weights S and 
(fig. 43) are pro- 
vided at the ends 
of the arms. Fig.43 

To ascertain the mass of a body, it is placed in the 
left-hand pan of the balance and the standard weights 
in the right-hand pan ; then the mass of the body is 
equal to the mass of standard weights, when the beam 
is horizontal. 

SI. Requisites of a good balance. The follow- 
ing are the three chief requisites of a good balance : 
(e) Truths {ii) Sensitiveness and {in) Stability, 

(i) Truth. A balance is said to be true, if the beam 
is in the horizontal position, whenever equal masses are 
placed in the scale-pans. 

{ii) Sensitiveness. A balance is said to be sensi- 
tive, if the beam turns through an appreciable angle 
from its horizontal position, for a very small difference 
of weights in the two pans. 

{lii) Stability. A balance is said to be stable, when 
the beam, if disturbed from its equilibrium-position, 
readily comes back to it. 

(i) Conditions for Truth : — 

(a) The centre of gravity O should he vertically 
below the fulcrum] for it is only then, that the weight 
w of the beam shall have no moment about the ful- 
crum, when the beam is in the horizontal position. 
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{The student should himself draw a figure to illustrate it,) 

(b) Scale-pans should be of equal weights,, and 

(c) The arms should be of equal length. 

For, let us suppose that S and 8^ be the weights 
of the scale-pans, a and b the arms of the balance ; then, 
if the pans are empty and the beam horizontal, we 
have for equilibrium, by the law of moments, 

S.a-8^.b {i) 

Further, suppose equal weights P and P are 
placed one in each pan, then if the beam is to remain 
horizontal, we must have 

{P+S)a^{P+8')b 
or Pa + /Sa = Pb + S^b 

therefore Pa^Pb for Sa^S^b by equation (/), 

or a must be equal to b (condition c) 

Substituting this in equation (i) 

we have S=^S' (condition b) 

(ii) Conditions for sensitiveness: — 

(a) The weights of the beam and the pans should be 
small,, 

(b) The distance of the centre of gravity from the 
fulcrum should he small, and 

(c) The arms should be long. 



Fig. 44 

Let A'CB^ be the position of the beam, when 
weights P and Q are put in the two pans. Then for 
equilibrium ; taking moments about the fulcrum C, and 
bearing in mind that moment is the product of the force 
and the perpendicular distance between the line of action 
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of the force and the fulcrum , we have 

{P+S)a cos6=(Q+>S)a Gos9 + wh sin0 (i) 

where a=length of each arm 

S = weight of each scale-pan 
A=distance of C. G, below .the fulcrum C 
215= weight of the beam 
and 0= angle of tilt. 

Transferring, we have from equation {i) above 
a cos 0 (P— Q) = A sin 0 


, ^ a (P- Q) 

or tan 0= — ^ ^ 


(u) 


XG h 

In order that the beam be tilted through a large 
angle for a small difference in P and Q ; it is evident, 
from the law of moments, that a the length of each arm 
should be long, w the weight of the beam should be 
small and h the distance of the centre of gravity from 
the fulcrum should also be small. 


{Hi) Conditions for Stability : — (a) The distance of 
the centre of gravity from the fulo urn should he large. In 
order that the beam, when slightly <lisplaced, should 
return to its position of equilibrium, it is essential that 
the restoring moment of w, the weight of the beam, 
about the fulcrum should be great, but this depends upon 
w and h^ therefore w and h should be large. It should 
be noticed however, that no useful purpose is served by 
increasing w only; for if this alone be increased, then 
the mass to be moved, i. e is increased and so also 
the impressed force The acceleration would not be 
changed at all , therefore for stability, h the distance of 
^he centre of gravity from the fulcrum should be large. 

It will be noticed however, that the condition for 
stability is opposed to one for sensitiveness Fair sen- 
sitiveness and good stability can be secured by making 
the arms of the beam long and the distance of the 
centre of gravity from the fulcrum not very low. 

Note. — In order that the sensitiveness of a balance 
may not vary, it is essential as well as desirable that 
the fulcrum and the points of support of the scale-pans 
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shoiiUl all be in one and the same straight line. 

52 , To find the real weight of a body by means 
of a false balance. (?) When the falseness of a 
balance is simply due to ineipiality ot the weights of the 
scale-pans, the true weight of the liody is obtained 
as tollcws - 

the hodjj firxf in one ^ecde-pan,, then in the 
other Add toyether ttn^ tiro apparent iceujht^ and divide 
hjf in o 

For if ‘S and S' ]>e the vveiglits of the scale-pans, 
irtlie tine Aveight ot the body, and ?/ its apparent 
Aveiglits then, because the arms are e([iial, we must have 
IT-p N' in one case, 

andir+^S"' =//-f iV in the second ease. 

By addition we get, 2 IT-f- >' + >S'=.r + ^ +aV+^' 
or 2 )r=.r4*// 


(?/) If liowever, the falseness of a balance is due 
to the inequality of the arms only, then the true weight 
of the body is obtained as follows’ — 

WeHjli the hodij first in one scat e-pan, then in the 
other Midtiplij the tiro apparent ireiijhts and take the 
square root 

For if a and b be the arms of the baJance, W the 
tine weight of the body, .rand ij its apparent weights ; 
then we must have for ecjuilibrium. 

ir. a'=^d\h in the first case {i) 
and ir. />=7y. a in the second c.ase {ii) 
wlnm the body and the weights have been interchanged, 
IMultiplying the above two eij nations, we have 
\V^, ah=xii, ah 
or .77/ 


or ir, the true weight =\/xy 
(lenerally for rough measurements, 

take the arithmetic mean, i, e, as the 


shop-keepers 
true weight 


instead of the actual geometric mean y/^j. The 
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difference between the two quantities is verv small 
when X and // dilier by small amounts. It must 
however, 1)0 noted that the arithmetic mean is ril\v<ivs 
greater than the geometric mean [See Hall and Iviiiglii 's 
Algebra, section b5]. Therelore a sho[)kee|)ei would 
be giving less quantity to his (‘ustomers tli.ui tin* 
true measure if he arrives at the same by taking the 
arithmetic instead of the geometric mean of rlie two 
false measures of the same (juautity, as bankers gcmuallv 
do, when giving gold to then customers 

The ratio of the arms of a Balance is found in the 
following way: 

We have, with the notation of e(iuations U) ^ ly/) 
P. 114, 

1 1 ’if/ xxh a x b x 

= or - == — X — or = - 

(I7> tjxa h II a u 


or 


(f 

h 



Thus the ratio of a to b is known 
{ii) If howevfr, the falseness ot a l){ilcuice is diu^ to 
more than one condition recjuircd tor tinth. not having 
been satisfied, the real ^^elght ot the body is tound as 
lollows: — 

Place Ike bodtj to be kreujheil in oiu Ma/e-inm and 
balance it trtfh sand or lead s7/oN in Ike otk o* pan. 
Reniore the bodji and balance the ^hois bij nicars of 
standard Heights These standai d ireighfs icon Id then 
give the true ireight of the bodip 

For let \r and ir' be the weights ot the two pans. 
/i and I 2 ^he arms of the beam and II’ the tnu^ weight 
of the body. 

Then we have 

( ir+ /r)/] = ^V+ .. 

where A == weight of t'le lead shots. 

Suppose now standard weights e(|ual to Z aie 
placed instead of the body and equilibrium is again re- 
stored, then we have 

{Z+tr)h={X+ir/)l2 
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or {Z + w)li '=^{W+w)l\ 
or Z=W, . {ii) 

Note. — This is the most accurate method of finding 
the true weight of a body and is known as the method 
of double weighing. 

53. The common steel-yard. The steel-yard some- 
times known as the Roman steel-yard consists, as shown 
in figure 45, of a beam AB movable about the fulcrum 
F near the end JS, which carries a pan to support the 
object to be weighed. A movable standard weight P 
is hung from the arm JPA, which is graduated so as to 
give the weight of the object placed in the pan in terms 
of P. 



Pig. 46 

Graduation of a steel-yard. The pan is unloaded 
and the weight P placed at a point 0 so that the 
steel-yard is horizontal. In this position, the weight 
P balances the combined weight W of the steel-yard 
and of the pan, which acts at G their common centre 
of gravity. 

Then WxGF-P^OF (i) 

Then from 0, distances equal to BF are marked oS 
as 1, 2, 3, etc. along FA. The positions of these marks 
denote the weight of the body in the pan B in terms of P^ 
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when the latter is so placed as to keep the steel-yard 
horizontal. 

For, let us suppose that a body of weight w is 
placed in B and P stands at the wth division, when 
the beam is in the horizontal position. Then we have 
to show that w'=^n x P 

Taking moments about F, we have 

X BF^ r X GF^P y^FA iii) 

or X BF+ Wx QF=P xFO+PxOA (for FA— 
FO-h OA), 

Subtracting equation (i) from (ii), we get 
wxBF^Px OA 

or wx BF=Px n.BF {for OA is n times BF) 
w—nxP 

The steel-yard is used for weighing heavy loads ; since 
by making BF small, a single small weight 
may be made to weigh even loaded wagons 
and carts. Moreover, it is quick in action. 

54. Spring Balance. The spring ba- 
lance, as shown in fig. 46, consists of a 
spiral spring contained in a brass case. The 
spring IS fixed at the upper end but is free 
to move downwards and carries a hook. To 
the lower end of the spring is attached a 
pointer, which moves over the scale graduat- 
ed on the face of the case in lbs. weight or 
in grammes weight. The instrument is sup- 
ported by means of a stout upper hook and 
the force to be measured is exerted on the 
lower hook. The position of the pointer gives 
the measure of the force. It should be noted Fio 46 
that a spring balance actually measures forces and not 
masses ; but as at a given place the masses of bodies are 
directly proportional to their weights, therefore it may 
be used for comparing masses at the same place. It 
should be remembered that a spring balance cannot be 
used to compare masses at different places. For suppose 
a given mass produces an extension of one inch at 
the equator where flra=31*8, the same mass shall 
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produce an extension of~j^inches near the pole where 


31*8 


ry= 32 2, since the force acting is proportional to g. 
Thus a smaller mass would in the latter case be recpiired 
to produce the same extension Hence a spiing balance 
actually measures forces and not masses ; but at the 
same place it may be used to measure masses. 


SUMMARY 

1. The throe ohiet loquisites ol a tjood balance are — 
(/) Truth, OV) Hensitu euess and {tn) Stability 

2. Conditions for truth — 

The centie ot jnaviU should be \ ei tirally below the 

fulcrnin, 

(/<» Aims should lie ot equal length, and 
{ill) Seal e-jians should he of equal \\ eights. 

3 Conditions for sensitiveness — 

(0 The weijjht ol tlie beam should be small, 

{n) Arms sliould l»e lon^, 

{ill} The centre ol j^iavitv should not be nmcli below 
the fulcinin, and 

{ii) The kiiile-e<]ffes should he sharp 

4 Conditions for stability* —</) The centre of gravity 
should be well lielow the tulerum, in) The arms should be 
sm'dll, and Uu) The beam should he lieavv. 

5. When a balance is false on account ol the ineipiality 
of scale-pans, the true weight oi a body is e<pial to the 

arithmetic mean ol the two measures, f.c. 

6. If howe\er, the falseness of a balance is due to 
inequality of the arms, then the tine wei^jht of a body is 
equal to the geometric mean of the measures in the two pans, 

Le. W — x/xn 

7 If the falseness is <lue to more than one cause, then 
the true weight is found by double weighing. 

EXAMPLES 

1. A balance has apiece of wax attached to one of its 
scale-pans. A body when placed in one pan appears to 
weigh 10 grammes and only 8 grammes in the other. What 
IS its real weight and what is the weight of the wax ? 
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1 TTr 10 4-8 „ 

The weight 11 — - ^ or =9 grammes. 

the weight ol wax = 10— 9 = 1 giamme. 

2. A 1)o4y whose weight is 10 lbs. appeals to weigh 
11 Ibh. when plaeed in one pan of a balanee with unequal 
arms. What will he its apparent weight when placed m the 
other pan 


True weight 11'^= // 


01 

or 


y 


10= \/llv 
1 00 = 1 1 // (by squaring 


ql 

11 11 


lbs. 


l)oth sides) 


3. The arms of a false balance are in the ratio of 10 to 
11 What w'lll be the loss to a tiadesman, who places arti- 
cles at the end ol the shoitei aim. it he is asked for two 
lbs of goods, priced at 1 shilling per lb 

Instead of 2 lbs (he tiadesman gi\es lbs 
thei 2Xll = 10.>r‘ 01 .l• = 2‘2 lbs. 

Tlieietoie he sutfeis a loss equal to ‘2 shilling 

4. How*' w^oiild you test a tradei\s scale and weights, it 
you are piovided w'lth a standard seei 

5 An object is placed in one scale-pan ot an oidinary 
balance and it is equipoised bv JO lbs The object is then put 
into the other scale-pan and now’ it takes 10\2 Ihs. to balance 
it When both scale-pans are empt\, the scales balance. 
What IS the niattei wutli the balance and what is the true 
weight ot the object*-' 

t) Show’’ that if a man sits in the jian of a w’eighing 
machine and pushes upwards at the beam at any point be- 
tween the scale-pan and the fulcrum, he w ill appear to 
weigh more than before 

7. If the arms ol a false balance are 8" and 10" long, 
what price is paid for tea at Hs, jier lb , it it is weighed out 
from (/) the longer and (//) the shorter arm of the balance*:' 



CHAPTER XII 

PROPERTIES OF MATTER 


55. Properties of Matter. We have already at- 
tempted to define, ‘ What matter is’; but it is a strange 
anomaly for a Physicist that though he can well enu- 
merate the various properties of matter, he is at a loss 
to give a clear, comprehensive idea of its nature. We 
know many of the properties of matter, as for instance 
the mutual attraction of two pieces of matter , the law 
of gravitation is known, but the mechanism by which 
this universal attraction is exerted, is still a matter of 
speculation. It would be advisable to enumerate some 
of the properties of matter. 

(i) Matter is indestructible^ that is, it can neither 
be created nor destroyed It can simply change form. 

{ii) Matter possesses inertia^ i. e, force must be 
applied to matter to move it or bring it to rest. 

[Newton's I law of motion\. 

(Hi) All particles of matter exert mutual attraction 
on one another, [Newton^ s law of universal gravitation,] 
(iv) Matter can he divided into very minute parti- 
cles. It is common experience that a lump of iron can 
be divided into a very large number of minute particles, 
iron filings- But it must not be understood that 
matter can be divided infinitely. There is a limit to its 
divisibility. Before the time of Johnston Stoney, who 


demonstrated the existence of electrons (mass= 


1 

2000 


of 


an hydrogen atom). Chemist’s atom was considered to 
be the ultimate limit of divisibility of matter. Recently 
however, Sir J. J. Thomson has carried this limit still 
further to electrons. 
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(v) Matter is the sole vehicle of energy. It is im- 
possible for energy to exist by itself. It must exist in 
connection with matter; and it is due to this fact that 
properties of an elastic solid are attributed to the hypo- 
thetical medium called the Ether, which is supposed to 
fill the whole space beyond the atmosphere. 

According to the modern conception, matter is ener- 
gy and one is convertible into another. 

{vi) Matter is porous. All bodies are compressed 
by the application of force to a more or less extent and 
if matter were continuous, we could never produce any 
change in its volume. Bacon in 1640 proved the po- 
rosity of lead by compressing water in a sphere ot lead; 
and at a later date Florentine proved the same fact 
about silver in a similar manner. 

(vii) Matter is elastic. It has the property of offer- 
ing resistance to forces, tending to change its shape or 
volume. 

So far we have been considering matter as perfect- 
ly rigid and insusceptible of strain ;’*• but in practice, 
we know that there is nothing perfectly rigid in this 
world and every body is strained, more or less, by the 
action of forces. 

Thus, if we take a ball of rubber and an iron sphere 
of equal size, we realize that a comparatively small 
force is needed to change the shape or volume of the 
rubber bail, while a considerable force is needed to 
produce any appreciable effect in the iron sphere. 
Further, if the force applied be not too large, both 
iron and rubber do regain their original size and shape 
as soon as the force is removed. Thus iron and India- 
rubber are both elastic substances. H^nce an elastic 
substance is one, which fully regains its i^aape or volume 
as soon as forces producing the change of shape or 
volume are removed. 

Elasticity is thus of two kinds:— (i) Volume elasti- 

• strain means change of size or shape. Change of size strain is 
called Comjormion or Dilaiation and change of shape strain is called 
Distention. 
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dty or the property of resisting forces tending to change 
the volume of a body and (ii) Elasticity of form or 
Rigidity, i.e. the property of olferiiig resistance to forces 
tending to change the shape of a body. 

Elasticity of form or ‘ Rigidity. ’ In the preceding 
example of an iron sphere and a rubber ball, we have 
seen that an iron sphere can resist comparatively great- 
er force than a rubber ball. Hence iron is said to be 
more rigid than rubber ; and this property is called 
rigidity. A perfectly rigid body would be one in which 
no force, however great, would produce any change of 
shape. In nature no perfectly rigid body exists ; but 
substances like hard rock, metals, glass and many other 
solids possess rigidity to such a high extent, that it is 
customary to regard them as perfectly rigid for all 
practical purposes. Only solids possess elasticity of 
shape. Liquids and gases do not possess the same ; 
for they can be readily transferred from one vessel to 
another and they always assume the shape of the vessel 
in which they are poured. 

Elasticity of volume. The property of a substance 
of offering resistance to forces tending to change its 
volume is called its volume elasticity. 

Incompressible body. A body, the volume of 
which cannot be altered by any force, however great, 
is called an Incompressible body. 

No known body is perfectly incompressible ; for by 
the application of high stress, water has been made to 
pass through gold and lead, mercury through most 
metals and gases through iron. For practical purposes 
almost all solids and substances like water and alcohol, 
which although have no rigidity, are nevertheless re- 
garded as incompressible. 

56. Young’s modulus of elasticity. If a long wire 
of any metal be suspended from a point and a scale-pan 
be attached to its lower end ; it is observed that on 
applying a force to the free end by putting weights 
into the scale-pan, the wire increases in length. The 
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expansion produced is proportional to the stretching 
force ; and this fact is known as Hooke’s law. The 
statement is true only within narrow limits ; for if the 
stretching force be gradually increased, it is found that 
at a certain point known as the elastic linnt^ the in- 
crease in length is relatively greater than the corres- 
ponding increase in force and a continued increase in 
the force beyond this limit results in breaking the wire. 
The increase in length I within elastic limits is how- 
ever, 

(1) in proportion to the stretching force 

(2) in proportion to the original length L, and 

(3) in inverse proportion to the area A of the cross- 
section of the bar. 


Thus /oc 


F.L 


F Lt 1 

or Z = X where ^ is a constant quantity, 
A hi 


depending only on the material of the bar and is called 
Young's modulus. 

The above equation can be written in its more 
F F FI 

logical form E = — p — y- ~~T ^ • 

Jx L Jx L* 


Suppose further that Z=L and ^=unity, then we 
have F=F, Thus the Young’s modulus, which is the 
ratio of the stretching force per unit area of cross- 
section of wire to the extension per unit length, is the 
force in dynes which would stretch a bar of the material 
one square cm. in sectional area to twice its original 
length, if its elastic properties remain perfect during 
the operation. * 

57. States of matter. According to their beha- 
viour towards forces tending to alter their shape, 
substances are divided into two main classes (i) Solids 
and {ii) Fluids. 

Solids. A solid is a body, which can offer a perma- 
nent resistance to small forces tending to alter its shape. 


* In practice, it is impossible to double the length of a wire without 
breaking it. 
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Fluids. A fluid is a body, which can offer no 
permanent resistance to forces tending to change its 
shape. 

Thus a piece of stone, wood or cork shall retain 
its shape indefinitely, if the external forces acting upon 
it are very small ; hence the above substances are 
examples of typical solids. On the other hand, alcohol 
and carbon dioxide take up the form of the vessel 
in which they are poured and thus offer practically no 
resistance to forces tending to change their shape and 
are examples of typical fluids. The behaviour of 
fluids is very varied. Water and alcohol take no time 
to change their shape ; while treacle and honey take a 
considerable time. An extreme case of this kind is 
furnished by hard pitch, which offers high resistance 
to forces applied for a short time ; but the same piece 
of pitch, when placed in a funnel, would begin to flow, 
on account of the continued downward force of 
gravity. It is thus incapable of offering a permanent 
resistance to forces tending to change its shape, though 
the resistance is very prolonged. 

Fluids are further subdivided, as regards their 
behaviour towards forces tending to change their volume, 
into two classes (i) Liquids and (ii) Gases. 

Liquids. A liquid is a fluids which offers very great 
resistance to forces tending to change Us volume ; as 
water ^ alcohol etc. 

Gases. A gas is a fluids which offers very small 
resistance to forces tending to change its volume ; as 
hydrogen^ oxygen etc. 

Further, liquids have free surface, while gases have 
none. Thus, imagine a cylinder about twelve inches 
long fitted with an air-tight piston and filled with 
water to a height of about six inches. First, let us 
suppose that the piston is just touching the surface of 
water, i. e. it is s^ inches above the bottom. We shall 
see that a considerable force may be applied to the 
piston without producing any appreciable diminution 
in the volume of water. Now if the piston be moved 
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upwards, we shall see that water-level would remain 
where it was and the space between the piston and the 
water-level would be empty, but for the water-vapour. 
If however, instead of water, we have a gas in the 
cylinder, we shall see that a small force in the first 
instance would produce some appreciable compression ; 
and secondly if the piston be moved upwards the gas- 
level would not remain where it was ; but the gas shall 
actually fill the whole space between the piston and the 
bottom of the cylinder. 

The existence of a definite free surface is the most 
important point of distinction between liquids and • 
gases; for though gases can be easily compressed, 
yet a gas under high pressure may offer a high resis- 
tance to further compression. 

Thus summing up, we may say that 

‘ Solids have both size and shape ; 

Liquids have size but no shape ; 

Gases have neither size nor shape. ’ 

58. Viscosity. The temporary resistance^ which 
fluids offer to forces tending to change their shape^ is called 
viscosity. It is measured by the tangential force per 
unit area required to maintain a relative velocity of 
1 cm., between two parallel planes 1 cm. apart in a fluid. 
This measure is called co-efficient of viscosity and is 
denoted by n. Pitch, treacle and honey have very high 
viscosity ; while water and alcohol have very little vis- 
cosity. The difference between viscosity and rigidity is 
one of duration. A rigid body can offer a permanent 
resistance to a force tending to change its shape, while 
a viscous fluid can only offer temporary resistance to 
such forces. However weak the force may be, the fluid 
must eventually yield to it. The rate at which a fluid 
yields depends upon its viscosity. A fluid having no 
viscosity is spoken of as a perfect fluid or mobile fluid. 
In nature there is no perfect fluid as there is no per- 
fectly rigid body. Gases, alcohol and ether are con- 
sidered as perfect fluids. 
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To show that water possesses viscosity, take a 
vessel as shown in 
figure 47. This arrange- 
ment is adopted to keep 
the level of the liquid 
constant throughout the 
experiment. The over- 
flow tube r, passing 
through the centre of 
the vessel has a larger 
bore than the inlet tube 
/; and the capillary side- 
tube smaller bore than the inlet tube. Thus the sur- 
plus liquid finds its way through the overflow tube T\ 
and the level is always maintained' to the head of the 
overflow tube. 

The shape of the liquid as it flows along the long 
capillary tube is constantly changing. If there were 
no force resisting the change of shape of the liquid, 
the vessel would have emptied itself in no time. As a 
matter of fact, if the tube be sufficiently narrow the 
liquid flows slowly and takes a considerable time, due 
to the force resisting its change of shape, called Viscosity, 

The quantity of a liquid which flows per second 
along the capillary tube is directly proportional to 

(1) the difference of pressures at the two ends of 
the capillary tube, 

(2) the fourth power of the rJi^ius of the tube, 

(3) the co-efficient of viscosity, and 

(4) is inversely proportional to the length of the 

tube. 

The viscosity of liquids decreases with the rise of 
temperature, while that of gases increases. 

59. Ether. This Chapter on Properties of Matter 
would be incomplete, if we were to omit totally any 
reference to ether, a substance much talked of, but 
least known till now. It is in fact a proverbial trap 
into which Physicists wish to fall, when they fail to 
give a satisfactory explanation of any phenomenon. 


I. ' 
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Truly speaking, it is the parting line between Physics 
and Metaphysics. 

Light and heat pass from the Sun to the Earth, but 
not instantaneously. They take some time to traverse 
the space. Thus for some time both these forms of 
energy must exist in the interplanetary space. We 
have stated already, that matter is the vehicle of 
energy. This leads us to imagine that matter of 
some sort must fill the whole interplanetary space. 
This matter (^. e. the one which exists throughout the 
universe) has been christened as Ether. Nothing is 
known about this ; it must be totally difiereiit from the 
ordinary matter, the existence of which we can per- 
ceive by our senses. 

In order to explain the varied natural phenomena, 
ether is endowed with properties apparently enig- 
matical. To explain the propagation of radiant-energy, 
it is supposed to possess all the properties of an highly 
elastic solid, i.e, one capable of executing transverse 
vibrations. 

To explain the laws of universal gravitation, it is 
supposed to be a continuous incompressible fluid, for 
it seems inconceivable that Sun could attract a planet 
without some connecting medium and similarly does it 
appear improbable that electric and magnetic forces 
could be exerted without some connecting link. To ex- 
plain the unimpeded revolution of planets round the 
Sun, ether is endowed with the properties of a 
fluid more perfect,^ha!Pthe most perfect gas known. 
In fact, it is impossible to reconcile all these views and 
yet this mysterious ether possesses all these. It must 
then be Aerial ether, the nature of which is beyond our 
comprehension. 

SUMMARY 

Properties of Matter: — 

1. It IS indestructible. 

2. It has inertia. 

3 . It exerts mutual attraction. 

4 . It IS divisible. 

5 . It is the vehicle of energy. 
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6. It is elastic. 

7. It is porous. 

States of Matter: — 

(l) Solids (2) Liquids and (8) Gases. 

Solids resist forces tending to change their size and 
shape. 

Liquids resist forces tending to change their size but not 
shape. 

Gases do not resist forces tending to change their size 
or shape. 



HYDROSTATICS 

CHAPTER Xm 

THRUST, PRESSURE AND GENERAL 
PROPERTIES OF LIQUIDS 

60. Thrust. Suppose we have a heavy weight lying 
on a table. As the weight is at rest, it is evident that 
the forces acting on it must be in equilibrium. The 
forces acting are two, i. e. its weight acting 
vertically downwards and the reaction of the table, 
which must act vertically upwards, vide conditions of 
equilibrium of two forces. The total force with which 
the body presses against the table or the table against 
the weight, is known as a Thmst ; and the two forces 
which are equal and opposite are together spoken of as 
stress. 

Tension. Suppose two men are pulling at the ends 
of a rope in opposite directions. In this case, each 
cross-section ot the rope is acted up)n by two forces 
tending to lengthen it. Such a pair of forces is spoken of 
as a Pull or Tension instead of a Thrust. 

Shearing stress. Suppose two forces are applied 
in opposite directions at the two ends of an iron rod 
tending to twist it. In this case, each cross-section of 
the rod tends to slide parallel to the next ooe below it; 
and the forces have a tendency to change the sliapo of 
the body to which they are being applied. Such a pair 
of forces is said to constitute a shearing stress. 

Fluids are incapable of exerting any permanent 
resistance to continued shearing stress, however small; 
while solids offer permanent resistance to ail forms of 
stresses. 
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Pressure. The thrust exerted per unit area of the 
surface is called pressure. Thus if T be the total thrust 

T 

and a the area on which it acts, then-1 gives the pres- 

d 

sure. If the thrust on every point of the surface be 
the same, then the thrust is said to be uniformly distri- 
buted over the surface ; but thrust per unit area of the 

rp 

surface is known as pressure. Thus P=— , or con- 

a 

versely, we have the total thrust T equal to the product 
of the uniform pressure P and the area a, on which it 
acts. 

Pressure may be measured in dynes per square cen- 
timetre ; but in practice, it is measured in grammes weight 
per square centimetre in the C.G.8. system. Similarly in 
the F.P.S. system, the pressure may be measured in 
poundals per square foot; but in practice, English Engi- 
neers measure the same in lbs. weight per square inch. 

PreMure at a point. If the thrust is not uniformly 
distributed, the pressure will be different on different 
parts of the surface. In such a case, the pressure at 
any point is the ratio of the thrust on a very small area 
containing the point, to the small area itself. Mathe- 

• T 

matically pressure at a point is—, where a is indefini- 

a 

tely small. 

61 . (o) The force exerted by a Liquid at rest, on 
any surface in contact with 
it, is always at Right Angles 
to that surface. — Suppose 
the pressure exerted by the 
liquid is not perpendicular 
to the surface; but is in 
the direction DB inclined to jr 
the normal BR at an angle o. 

Then by Newton’s third Em. 48 

law, the reaction which the surface exerts on the fluid, 

must be in the direction BD. This reaction can be 
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resolved into two components, one along the normal 
BR and the other parallel to the surface BC, The latter 
component BC tends to make the liquid particles slide 
over the surface and thus constitutes a shearing force. 
According to definition, a liquid has no rigidity 
and since it cannot resist this force, motion ought 
to take place; but this is contrary to the supposition 
that the liquid is at rest. Hence there can be no com- 
ponent of the reaction along the surface. The whole 
force therefore, must act perpendicular to the surface 
and hence the thrust is normal to the surface. 

The normal component tends only to compress the 
liquid, but liquids ofter very high resistance to such 
forces. They are in fact assumed to be incompressible. 

(6) Pressure at a point in a liquid is the same in 
all directions. The direct mathematical proof is too 
cumbersome to be given here and the experimental 
proof requires very complicated apparatus. We may 
however, take it as true for the results of the experi- 
ments are in exact accord with theoretical deductions. 
However to give an idea, imagine an extremely small 
cavity in a liquid, it is evident that the liquid would 
rush in from all sides to fill it. Suppose now the cavity 
has been filled up ; the liquid bounding it is kept up 
in position on account of the pressure exerted on 
its various sides by the liquid in the cavity. These 
forces thus form a system in equilibrium among them- 
selves and therefore all of them must be equal. 

62. Transmission of pressure : Pascal’s law. hen 
pressure is applied to any part of the boundary of 
a fluid] on equal and uniform pressure is transmitted 
over the irhole of the fluid. 

Suppose, we have a vessel filled with water as 
shown in fig. 49, having a number of openings of 
equal cross-section and each closed with an air- 
tight piston. In order to keep the pistons in position, 
a force shall have to be applied on each of them. 
If now the force on any one of them be 
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increased, it would be found that the force applied 
on each piston must be 
increased correspond- 
ingly, in order to keep 
them all in position. 

Thus we see that pres- 
sure is transmitted equal- 
ly throughout the liquid, 
and this is known as 
Pascal’s Law. 

63. The Bramah 
Press. Pascal’s law finds 
an important application 
in the construction of 
Hydraulic Press. It 
consists as shown in fig. 60 of 
which a pipe CE opens into a strong cylinder 
in which a big solid cylinder works through a water- 
tight collar. The piston of the pump is much smaller 



Pig. 49. 

a force-pump from 



in sectional area than the solid cylinder and is moved 
by a lever BD. If this piston is forced down, then 
by the principle of transmissibility of fluid pressure, the 
same pressure is transmitted to the whole of the fluid. 
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Hence if a force F is applied to the piston of the pump, 

F 

it will produce a pressure equal to— , where a is the sec- 

a 

tional area of the piston. The same pressure will act on 
the big cylinder vertically upwards; and if its area be 6, 

F 

the thrust on it will be equal to -- x 6 Therefore for 

a 

F h 

equilibrium, we have 1^=— 6or~= — , where W is 

a t a 


equal to the weight placed on the bigger cylinder. Thus 
Bramah Press is a hydrostatic machine, the mechanical 
advantage of which is, area of the bigger cylinder 
divided by the area of the smaller piston. If the area of 
the bigger cylinder be to the area of the smaller piston 
as 100: 1, then by applying a force of 1 fb. weight, 
resistance equal to 100 fbs. weight can be kept in 
equilibrium. 

64. Pascal’s vases. These are vessels open at both 
ends, of different shapes, but of equal bases and heights, 
as shown in figs. 51. They are used to illustrate that the 
thrust on a given surface due to a given liquid is 
dependent only on the depth of the liquid. 



(i) (w) {Hi) 

Fio. 61 

To verify this, hold the vase with a clamp, fit 
a circular disc against the lower edge of the vase and 
fasten the string passing through the middle of the 
disc to the hook of the left-hand pan of a balance. Put such 
weights in the right-hand pan of the balance, so that the 
disc is firmly held against the lower edge of the vase. 
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Pour water into the vase, till the disc gets detached ; note 
the level of the liquid at that instant. Repeat the experi- 
ment with the other two vases, keeping the same weights 
in the right-hand pan and note that in each case the 
disc gets detached when the liquid-level in the vase reaches 
the same height. This shows that the thrust <m a given 
surface due to a given liquid is proportional to the height 
of the liquid-column and is independent of the volume 
of the liquid. By using liquids of different densities 
and vases of different bases, it may be shown that the 
thrust is equal to the product of the area, the density 
of the liquid, its depth and the intensity of gravity. 

Thus g 9 ha. 

The above experiment at first sight appears to be 
a puzzle ; for the amounts of liquids contained are differ- 
ent and yet they exert the same thrust. For this 
reason, the experiment is spoken of as Hydrostatic 
Paradox. There is however, nothing paradoxical. In 
Fig. 61 (f), the liquid pressure is normal to the sides of 
the vessel as shown by the arrow-heads and it has no 
component either in the upward or downward direction; 
and the thrust, in gravitational units, is equal to the 
weight of the liquid, i.e. equal to height x area x density, 
and pressure is equal to height x density per sq. cm. 

In Fig. 61 (ii), the liquid pressure as before, is 
normal to the sides of the vessel, which not being 
vertical, its components will be H and V in the hori- 
zontal and vertical directions respectively. The hori- 
zontal component H does not produce any effect on the 
base; while the vertical component gives rise to extra 
pressure on the base. The total thrust will evidently 
be greater than the actual weight of water. 

In Fig. 61 {iii\ the vertical component acts in the 
upward direction and supports the weight of some 
of the liquid. Thus the thrust on the base will be less 
than the weight of the liquid. 

65. In a liquid at rest under the action of 
gravity, the pressures at any two points in a horizontal 
plane are the same. 
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Let A, B be the two points in a horizontal plane ; 
about AB as axis 
construct a cylinder 
of indefinitely small 
section. Consider 
the equilibrium of 
the liquid contained 
within this cylinder; 
the forces acting on 
the liquid are: — 

(^) Its weight Fio. 62 

acting vertically downwards ; 

(ii) Thrusts on the curved surfaces, everywhere 
perpendicular to them ; and 

(Hi) Thrusts on the ends at A and B along AB. 

The thrust at the end ^=the thrust at the end B^ 

{for the liquid is supposed to be at rest). 

But area of J.=area of B\ 

therefore the pressure at A is equal to the pressure at B. 

65. {a) In a liquid at rest under the action of 
gravity, the difference of pressures at two points in it 
(one of which is vertically below the other), varies as 
the difference of their depths. 

Let P and Q be the two points ; about PQ as axis 
construct a cylinder of indefinitely 
small section a. Let p be the 
pressure at P and g at Q ; and let d 
be the density of the liquid. Con- 
sider the equilibrium of the liquid 
contained within the cylinder; the 
forces acting on it are 

(i) Thrusts on the curved sur- 
faces in the horizontal direction ; 

(ii) Its weight acting down- 
wards ; 

(Hi) The thrust at the end P 
downwards =^. a ; and 

(i?;) The thrust at the end Q Fig. 63 
upwards =y. a. 
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/. Equating the vertical forces, we have for equilibrium 
p, a + {N — h) d^qxa, where h' and h are 
respectively the depths of Q and P from the surface of 
the liquid. Or q’-p'=^{h^ •--h) d. 

Thus the pressure at a depth h below the free 
surface of a liquid of density d, is equal to the product 
of the density and the depth. That' is : — 

p = h.d in gravitational units, 

or p = h,d, g in absolute units. 

Or we may say that the pressure due to a liquid is 
always equal to the weight of a column of liquid, whose 
height is equal to the given depth and whose area of 
cross-section is unity. 

If however, the free surface of a liquid is subjected 
to a pressure Pi from some external source, such as atr- 
mospheric pressure, then this will be uniformly trans- 
mitted according to Pascal’s law. The actual pressure 
at any point would be the sum of the separate pressures 
(i) due to the external pressure and {ii) due to its own 
weight. 

Thus P= Pi + Zt P, in gravitational units. 

Experiments to Illustrate Liquid Pressure. 

(i) If water be allowed 
to flow from holes made 
at various depths in a 
tall vessel as shown in 
figure 54, it is seen that 
the water flows more 
rapidly from the lower 
holes than from those 
above. This illustrates 
that pressure is greater at 
greater depths. 

(ii) Fit a smooth 
glass plate against one end 
of a tube and hold it 
against the bottom with a 
string, as shown in fig. 56. 



Fig. 64 
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Lower the whole to a certain depth into a vessel of 
water and release the string. The 
glass plate remains in tact ; for the 
upward pressure is more than 
sufficient to support its weight. 

Now pour coloured water gen- 
tly into the tube. Notice that the 
glass plate falls, when the level of 
the coloured liquid inside reaches 
the level of the water outside. 

This shows that the pressure of a 
liquid is proportional to its depth. 

(^^^) Hydraulic lift, — A wide 
cylinder A has a water-tight piston 
B and is connected to a long vertical 
tube EG (fig. 66) of small cross-section; 
and the whole is filled with water. Fig. 66 

If h be the difference in the level of the liquid in 
the two sides, d be its density, then 



the upward thrust on B will be 
equal to h da. 

Thus a long narrow column of 
liquid may he used to lift heavy 
weights. 

66. Surface Tension. Every 
molecule of liquid pulls every 
other molecule towards itself. A 
molecule such as A situated well 
within the mass of a liquid is 
attracted by the neighbouring 
molecules equally in all direc- 
tions, whereas a molecule such as B 



(fig. 67) situated near or on the surface Fig. 66 

is attracted towards the inside of the liquid and per- 
pendicular to the surface. Thus the surface molecule 
has a tendency to move inside the liquid so that it may 
have the smallest possible surface for the given volume. 
This tension.^ which constantly tends to contract a liquid., 
is known as surface tension. It is the force per unit 
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lengthy and it acts at the surface only. 

From the above it follows as a corollary that a mass 
of liquid would assume a spherical j I 

form ; for a sphere is the geometrical 
figure, which has the smallest area 
for a given volume; but in most 
cases, it does not happen due to the 
action of gravity, which tends to 
spread a liquid evenly. If the force 
of gravity be eliminated somehow, 
then a given mass of liquid assumes 
a spherical form. This is illustrated 
by the following experiment, which 
we owe to Plateau. Pig. 67 

Experiment. — Prepare a mixture of alcohol and water so 
that Its density is the same as that of linseed oil. Drop 
a little amount of the oil below the surface of the mixture 
by a pipette. The oil will float as a perfect sphere m the 
mixture. 

Liquids preserve their spherical form, when their 
mass is small and the cohesive force strong, as is no- 
ticed in the case of mercury drops, dewdrops and 
rain drops. The surface layer of a liquid behaves like 
a thin stretched membrane under uniform tension in all 
directions. An iron needle when slightly greased, if 
placed very carefully on the surface of water in a dish 
will float on its surface, though that is eight times as 
heavy as water. This is explained by saying that the 
portion of the liquid immediately below the needle is 
depressed and tends to flatten out ; the vertical com- 
ponent of the surface tension round the edges of de- 
pression supports the weight of the needle. If however, 
the water had wetted the needle as it would have done 
if the needle were not greased, water would have risen 
about the needle and the surface tension in the liquid 
would have pulled it down. 

The fact that the surface of liquid is in a state 
of tension is admirably explained by soap films. 
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Take a wire FCDE bent in the form shown in the 
figure and a 
thin wire AB. 

Get a soap film 
enclosed in the 
portion ABDC* 

On raising the 
wire from out of 
the soap solution 
AB is seen to 
move towards 
CD, which shows 
that a soap film 
contracts. The 
total force act- 
ing on AB divid- 
ed by tmce the 
length AB, gives 
surface tension^ because a film has two sides. 

SUMMARY 

1. Thrust is the total force acting on a surface. 

2. Pretture is the force acting on a unit area. 

3. Tension consists of a pair of forces in opposite direc- 
tions. The pressure at a point in a liquid is the same in all 
directions about that point. 

. 4. PascaFs law. When pressure is applied to any part 
of the boundary of a fluid, an equal and uniform pressure is 
transmitted over the whole fluid, 

5. Pressure due to a column of liquid is equal to hdg, 

6. Surface tension. The force per unit length acting 
on the surface of a liquid, tending to make it occupy less 
surface area, is called surface tension, 

EXAMPLES 

1. What is the pressure of water at a depth of 80 
feet ? 

Pres8ure=height X density m lbs. weight or 80X62 
pounds wt.=5000 lbs. wt. per sq. foot. 

2. The small piston of a Bramah press is half an inch 
and the large one 8 inches in diameter ; the pump is 
worked by a handle 5 feet long, the fulcrum being one inch 



Fig. 68 
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from the point of attachment of the piston. What is the 
greatest weight that can be raised by such a machine, by 
applying a force 1 cwt. at the end of the handle ? 

The area of the larger piston 

The area of the smaller piston ”” (-A)^ 

The force applied is equal to 112 lt)s. weight. It would 
exert a pressure equal to 60 X 112 tbs. on the small piston, 
for one arm of the lever is 1 inch and the other is 60 inches, 
the greatest weight that can be raised is equal to 
256 X 60 X 112 tbs. =768 tons. 

3. A rectangular lock gate is 10 feet wide and the 
water outside stands at a height of 10 feet above the bottom 
of the gate Calculate in tons weight, the thrust upon it- 

The area of the surface of the lock gate in contact with 
water=10X 10=100 square feet. 


The pressure at the centre of the surface =5 X 


125 


the total thrust in tons weight = 


100X5 X 125 
2240X2 


^13*95 tons weight. 

4. The moving piston of an hydraulic lift has a diame- 
ter of 1 foot. What head of water will be required to raise 
a mass of 1120 lbs ? 

5. Calculate the pressure at the depth of a sea, V 2 niile 
deep, specific gravity of sea-water being r025. 

6. Find the total pressure on the bottom of a tank 10 
feet square, 5 feet deep, full of water. Find the pressure on 
a side of the same tank. 

7. The area of the smaller piston of a Bramah press 
is 2 V 2 square inches and the area of the larger piston is 200 
square inches. What weight can be raised by applying a 
force of 10 tbs. weight? 

8. Prove that if a cubical box be filled with water, the 
total pressure to which it is subject is equal to three times 
the weight of the water which it contains. 

9. The pressure in the water pipe at the basement of 
a building is 34 tbs. weight to the square inch, whereas at 
the third floor it is only 1 8 tbs. weight to the square inch. 
Find the height of the third floor. 

10. A tube 20 feet long with one end open is filled 
with water and inverted over a vessel containing water. What 
is the pressure in the water at the top of the column ?— the 
height of water barometer being 33 feet. 



CHAPTER XIV 

PRINCIPLE OF ARCHIMEDES 
FLOATING BODIES 

87. Buoyancy of liquids. Whenever any object 
is dipped into water, then it occupies a certain portion 
of the space ^formerly occupied by water, which 
means that a certain quantity of water equal to the 
volume of the object is displaced. Thus whenever 
any solid is immersed either wholly or partly in a 
liquid, then liquid equal to the volume of that portion 
of the solid which is immersed, is displaced. 

(i) Take an ordinary test tube of thin glass and 
dip the same in water, with its closed end downwards. 
You will feel an Upward pressure and the tube will, 
if you were to release your hand, come out of water. 
Keep the test tube dipped in Water and pour water 
slowly in it; you will find that the upward force 
lessens gradually till it vanishes altogether, when the 
level of the liquid inside and outside the tube is the 
same, assuming the walls of the tube to be thin. 

Suppose now that the glass tube has been anni- 
hilated, then the water contained in the tube will re- 
main at rest as all water at rest is. This water how- 
ever, is in equilibrium under the action of two forces : 
(i) its weight acting downwards and (ii) the upward 
thrust of the surrounding liquid ; but this latter is equal 
to that ex:perienced by the tube before its annihilation. 
Therefore the upward thrust on the test tube is equal 
to the weight of its own volume of water, i. e. equal to 
the weight of the water displaced by it, and acts verti- 
cally upw^trds. This result is known as the Principle of 
Archimedes, 

The thrust upon a solid immersed in a liquid 
141 
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is equal to the weight of the liquid displaced 
and acts vertically upwards through the centre of the 
displaced liquid. 

(w) Further suppose a cylinder PQ of area of cross- 
section a is made to float in a liquid of density d as 
shown in flg. 63, page 136. Let the depth of P below 
the liquid-level be denoted by H and the length of the 
cylinder by h ; then the downward pressure of the 
liquid on P will be 

Had 

and the upward pressure on Q will he (H+h) ad; there- 
fore the resultant upward pressure on the cylinder will 
be (H+h) ad— H ad=h.a d; butftx a= the volume of the 
cylinder and h.a.d is the weight of the liquid displaced 
by the body. Therefore the loss of iceight of a body 
when weighed in any liquid is equal to the weight of the 
liquid displaced by the body, 

Elxperimental verification of Archimedes principle. 
A solid cylinder, which fits exactly into 
a hollow cylinder, as shown in fig. 69, 
is suspended from one pan of a hydro- 
static balance, with the hollow cylinder 
above and is counterpoised by putting 
weights or lead shots in the other pan. A 
beaker of water is then brought under the 
solid cylinder so that the same is thorough- 
ly immersed in it. The weights are found 
to be too great. Water is poured into the 
hollow cylinder and when it becomes 
exactly full, the beam is found to be 
horizontal again. Thus it is evident that 
the upward thrust or the eflfect of buoy- 
ancy of water is counterbalanced by the 
weight of an equal volume of water. 

68. Conditions for the equilibrium 
of a floating body. We have seen that 
when a body is immersed in any liquid, Fia. 69 
an upward thrust equal to the weight of an equal 
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volume of the liquid acts upon the body. If the body 
is denser than the liquid, its weight would be greater 
than the upward force and so it will sink ; but if the 
body is lighter than water, its weight would be less 
than the weight of an equal volume of the liquid and 
so it would come up and float on the surface of the 
liquid. 

To sum up then, the conditions necessary for a 
body to float are : — 

(e) The leeight of the liquid displaced must be equal to 
the weight of the floating body, 

(ii) The centre of gravity of the liquid displaced 
must be in the same vertical line, as the centre of gravity 
of the floating body. 

These conditions follow easily from the conditions 
of equilibrium of two forces; but for stability of equilib- 
rium of a floating body, to these two conditions must 
be added the third, namely, the metacentre must he 
above the centre of gravity. 

Metacentre. Suppose a body is floating in equilib- 
rium in a fluid as 
in figure 60. Let 
G be its centre of 
gravity and C * that 
of the displaced 
liquid. Join CG 
and consider this 
line as fixed in the Fig. 60 

body. Disturb the body slightly in such a way that 
the mass of the displaced liquid remains constant. Let 
C' be the centre of gravity of this in the latter condi- 
tion. Draw a vertical line through and let it intersect 
the line CG at the point M : then the point M is called 
the metacentre, for the displacement that has taken 
place. 

The reason why the metacentre should be above the 
centre of gravity for stable equilibrium is, that the couple 

* The point C is sometimes called the centre of buojancy or the 
centre of pressure. 
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brought into existence on account of the small dis- 
placement of the body, tends to bring it to its former 
position, only when the metacentre is above the centre 
of gravity, while this couple tends to displace it still 
further if M is below G. The student should himself 
draw figures to show whether a body would be in stable 
equilibrium or otherwise. It is for this reason that 
mariners load their ships with ballast, when they have 
no heavy goods to carry. 

SUMMARY 

1. The Principle of Archimedes. The upward thrust On a 
solid immersed in any liquid is equal to the weight of the 
liquid displaced and acts vertically upwards through the 
centre of gravity of the displaced liquid. 

2. Conditions of floating bodies: — (l) Weight of displaced 
liquid=weight of the body itself and (2) The centre of 
buoyancy must be in the vertical line drawn from its centre 
of gravity. 

3. For stable equilibrium, the metacentre must be 
above Cr. 

EXAMPLES 

1. A glass-sinker weighs 25 grammes m air and 15 
grammes in water. Find its volume 

The loss in weight ==10 gms. 
its volume =10 c.c. 

2. A mass of iron 20 c.c^s weighs 156 gms. in air. It 
is suspended in water by means of a thread. Calculate the 
tension in the string. 

The volume of iron piece =20 c c^s 
the weight of water displaced =20 gms. 

Hence the tension = 156— 20=136 gras, weight. 

3. A piece of iron weighing 275 grammes, floats in 
mercury (density 13’6) with i of its volume immersed. De- 
termine the volume and density of iron. 

f vX 13*6=275 

or X 275 X =36*4 c.c’s 

lo o 

275 

the density of iron=-j^=7‘6 
oo 4 

4. State the conditions, which must be fulfilled in order 
that a body may float in equilibrium in a liquid ; and show 
that if a body of volume v and density 8 floats in a liquid of 
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density /S'', the volume of the part immersed will be — ^ • 

5. The density of ice is 0‘918 and that of sea-water is 
1*03. What IS the total volume of an iceberg, which floats 
with 350 cubic yards exposed. 

6. A solid weighs 100 grammes in air and 64 m water. 
Find its specific gravity. 

EXAMINATION QUESTIONS UI 

1. What is a machine? Prove that in the case of 
a machine, “What is gained m power, is lost in Speed.'’ 

2. State the principle of work as applied to machines. 
Get an expression for the mechanical advantage of a screw 
by its aid. 

3. What are the most important properties of matter ? 
Define Young's modulus and state Hooke’s law. 

4. Enunciate the principle of Archimedes and write 
down the conditions of equilibrium of floating bodies. What 
is the specific gravity of a metal, a cubic foot of which will 
just float in glycerine of sp. gravity 1*25, when attached to 
6 cubic feet of cork (sp. gravity=0’24) ? 

5. Explain what is meant by a liquid and the principle 
of transmission of liquid pressure. Illustiate your answer 
by examples. 

6. Find the pressure at a depth of 12 feet below the 
surface of a lake, (i) in lbs. weight per square foot and (ii) in 
dynes per sq. cm., the atmospheric pressure being 15 lbs. 
wt. per sq. inch. 

7. Define specific gravity of a substance and write 
down the conditions of equilibrium of floating bodies. 

8. Get an expiession for finding the specific giavity of 
a solid, which is lighter than water. 

9. A U-tube contains water in its lower part, 32 cins. 
of kerosine oil of specific gravity 0*8 in one limb and a 
vegetable oil of specific gravity 0*95 m the other. The 
water-level on the kerosine oil side is 5 cms. lower than on 
the other. How long is the column of vegetable oil? 

10. A beaker of water is placed on a balance-pan and 
counterpoised. A piece of iron weighing 15 gms. suspend- 
ed from a thread is lowered into the beaker, until it is com- 
pletely submerged without touching the beaker. What 
weight must be added to restore equilibrium and in which 
pan? Sp. gravity of iron =7*6. 
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11. Two liquids sp. gravities *6 and *76 are mixed 
(t) in equal volumes and (zz) by equal weights. Find the 
specific gravities of the mixtures in the two cases. 

12. A lump of silver weighing 160 gms. is suspended 
by a string in water. If the density of silver be 10*5, what 
is the tension in the string? 



CHAPTER XV 

MEASUREMENT OF SPECIFIC GRAVITIES 


69 (a) By Hydrostatic Balance. To find the speci- 
fic gravity of a solid which sinks in water, — 

Weigh the solid in air and let it be= Wi gms. 
Weigh the solid in water and let it be= W 2 gms. 

Therefore weight of water displaced= IVi — W 2 „ 

By the principle of Archimedes, this is the weight of 
an equal volume of water ; 

Therefore specific gravity = i — . 

Wi— W% 

Precautions, — Students shall find detailed precau- 
tions in any book on Practical Physics, but most 
important of them are: — 

(i) The weight of suspension-wire or thread should be 
taken into account. 

di) A horse hair or a fine wire should be used in pre- 
ference to thread, for the latter absorbs moisture and so 
varies in weight on absorption of water. 

(u7) The bubbles of air which sometimes stick to the 
solid reduce its apparent weight on account of buoyancy and 
should be carefully brushed off. 

dv) Correction for temperature of water is necessary. 
Because 1 c.c. of water weighs 1 gramme at 4° C.; at other 
temperatures, it weighs less, therefore to get correct value 
of specific gravity, the above result must be multiplied by 
the density of water at the given temperature. 

To find the specific gravity of a liquid. 

Weigh a heavy solid in air and let it be Wi grammes 
„ the „ „ water „ tc^ „ 

»» n M »» liquid „ y, 

Then Specific gravity of the liquid. 

W 1 — W 2 
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The numerator gives the weight of an equal volume 
of liquid, while the denominator gives the weight of an 
equal volume of water. 

To find the specific gravity of a lighter body {cork). 
As cork floats in water, therefore a heavy body 
called the sinker is used to immerse it complete- 
ly in water. The following observations are made : — 
(i) Weigh the cork in air and let it be gms. 

(it) Weigh the sinker in water and let it be^iir^ „ 
(iti) Weigh the cork and sinker (together 
in water) and let it be 

/. Specific gravity of cork = — 

Wl — (WTj — W2) 

for Wd’—w^2 gives the weight of the cork m water. 

70. By specific**gravity bottle. I'o find the speci-^ 
fic gravity of a liquid . — 

(i) Weigh the bottle empty and let it be...=i(;i gms, 
(it) Weigh the bottle filled with water and 

let it be . „ 

(iit) Weigh the bottle filled with the liquid 

and let it be ... . gms. 

/. The specific gravity of liquid ^ 

i e of a given volume of liquid 

Weight of an equal volume of water" 

To find the specific gravity of a solid (iron nails). 

(i) Weigh the bottle empty and let it be gms. 

(ii) Weigh the bottle + Vs filled with iron nails 

and lot it be , . , . „ 

(in) Weigh the bottle + Vs filled with iron 
nails + water filled to the brim and let 
it be ... ... .s=«Cs „ 

(iv) Weigh the bottle wholly filled with 

water and let it be .. . .5=^4 „ 

Then ira — iciss weight of solid in air; and 
zog-- 104= weight of solid in water; 
for the difference in (m) and (iv) weighing is simply 
this, that in (Hi) a certain volume of the bottle is occu- 
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pied by tbe solid, while in (iv) that volume is occupied 
by water. 


Specific gravity= 


tC2 — I gl 

(m? 3 — ICl) — — W*>4)* 


Note.— W hen the substance is soluble in water 


such as common salt, then instead of water, a liquid in 
which the substance is insoluble, may be used instead 
of water; and the result obtained would be the 
specific gravity of the solid with respect to the liquid 
used. To get the specific gravity with respect to water, 
the result so obtained should be multiplied by the den- 
^ty of the liquid itself^ In this way the specific 
gravity of solubles is obtained. 

71. By hydrometers. There are two kinds of 
these instruments: Constant Weight and Constant 


Volume types. In the constant-weight type 
instrument, the iceight of the displaced liquid is 
always the same ; while the instrument sinks 
to ditfcrent marks. In the constant-volume 
type, the Volume of the displaced liquid is 
the same ; and the instrument is made to sink 
to the same mark in ditFerent liquids. 

Constant-iceight type. The common hyd- 
rometer, usually consists of a uniform thin 
straight stem, ending in a hollow glass tube A. 
wliich is connected through a narrow con- 
striction to a bulb containing mercury, so ad- 
justed as to make the instrument float verti- 
cally. The stem contains a paper-scale inside 
its hollow, graduated dififerently in instruments 
of different makes. 

Sup}::ose V be the external volume of the 
hydrometer upto the zero mark, near the bot- 
tom of the uniform stem, and a the area of cross- 
section of the stem itself. Let the instru- 
ment sink to a mark Aj above 0 when floating 
in a liquid of density Si and to a mark when 
floating in a liquid of density 82* Since the 



instrument is in equilibrium under both the Fig. 61 
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conditions, we must have from the conditions of 
equilibrium of floating bodies : — 

Si{V+hia)=W=:S 2 {V+h^a)^ i. e. the weights of 
displaced liquids must be the same in both the cases 
and equal to the weight of the instrument itself. 

Beaume’s hydrometer, (e) For heavy liquids: — The 
instrument is of the shape described above, but is so 
graduated that the density is given by the formula 

d= — • The method of making it is as 

14:6 --reading 

follows : — 

The instrument is made to float in water and the 
scratch made to denote the water-level is marked zero. 
It is then made to float in saline solution, density 1’2, 
made by mixing very nearly 24*34 parts of salt with 76*66 
parts of water and the scratch made to denote the 
solution-level is marked 24*34. The distance between 0 
mark and 24*34 mark is divided into 24*34 equal parts 
and the whole of the stem is thus graduated. 

Theory, — Let Fbe the volume of the instru- 
ment upto 0 mark, then we have 

Fx l=weight of instrumentssCF— 24*34) x 1*2 
or F=146 

Thus 146 X l=density of the liquid (146 — reading). 

, 146 

or density = 

146-r 

. 146 

(ii) For light liquids, the density is given by — 

136+reading' 

The method of marking is as follows: — The instru- 
ment is first made to float in saline solution, 10 parts of 
salt to 90 of water, density 1*0736, and the scratch 
made to denote the solution-level is termed 0. It is then 
made to float in water and the scratch made to denote 
water-level is marked 10. The distance between the 
two is divided into 10 equal parts and the whole of the 
stem is then graduated in equal divisions. 

Theory . — Let V be the volume of the instrument 
upto the zero mark, then we have 

(10+ Fj X 1= weight of the in8trument= F x 1*0736. 
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or -0736 F=10 
or F=136 

Now suppose that in a liquid of density d, the instru- 
ment sinks upto mark r, then we have 

(136-1-10) xl=(136 + r)xd 

or d the density=— — . 

lob -I- }• 

Note : — The heavy liquids instrument is graduated from top to bottom ; 
while the light liquids one, from bottom to top. 

To find the specific gravity of a solid hy Nichol- 
son’s hydrometer. The instrument is a 
constant-volume hydrometer and consists 
as shown in fig. f)2 of a scalc-pan Jl, con- 
nected by a stout wire to a hollow metal- 
lic tube which carries a second scale- 
pan C. The latter is loaded with lead 
shots in order to make the instrument float 
vertically. To find the specific gravity of 
a solid, the instrument is made to float in 
water and weights are put on the upper 
pan so as to sink it to the given mark M. 

Let these weights be equal to The 

weights are removed and the substance, the Fig. 62 
specific gravity of which is required, is put on the up- 
per pan along with some weights, so that the instru- 
ment sinks again to the same mark il/. Let these 
weights be equal to Then the weight of the sub- 
stance in air is clearly equal to — fc>r ^^l=^C‘2 + the 

substance. The substance is now put in the lower pan 
and weights=ir3 placed in the upper pan to sink the 
instrument to the same mark again, then the weight of 
the substance in water =tri — iC3 for ici= 1^3-!- weight of 
the substance in water. 



Specific gravity! 


W1--W2 


W^^W2 

Note , — If the solid is lighter than water, it is tied to 
the lower pan by a fine wire. 
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Frecaution,—lLO get good results, only a small quantity 
of solid should be used. 

To find the specific gravity of a liquid by 
Nicholson’s hydrometer. The instrament is first 
weighed in air. Let this weight be equal to H. 

It is then made to float in water and weights equal 
to Wi are put on the upper pan so as to sink it to the 
given mark M. Then the weight of water displaced by 
it is equal to /f+ari. Next the instrument is made to 
float in the given liquid and let uc^ be the weights re- 
quired in this case, to sink the instrument to the same 
mark again ; then the weight of the displaced liquid, 
which is equal in volume to the displaced water, is 
equal to H+ w^- 

.•. Specific gravity = 

H+ wi 



Fig. 63 Fig. 64 

72. By balancing columns. To find the specific 
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gravity of a liquid by U-tube. 

Let ABCD figure 63 be a U-tube. Let its one limb 
AB contain oil and the other water, and let B be the 
common surface of the two liquids. Let the horizontal 
line from B intersect the other limb at C. 

Then the pressure at B^A + hiPi g 
and „ „ „ C^A + h 2?2 g 

.*. hi Pl=^2p2 

where -4= Atmospheric pressure, and 

Pi and P 2 the densities of the two liquids. 

.*. ^ =p 2 for Pi=l, being the density of water. 

^2 

To find the specific gravity of a liquid by inverted 
Y-shaped tube. 

When the two liquids mix, the U-tube method 
cannot be employed. Inverted 
Y-shaped tube method is then 
resorted to. The arrangement of 
the apparatus is shown in fig. G4, 

P. 162. On sucking the air 
through liquids rise in A and D; 

E is then firmly clamped and 
the heights of liquids are mea- 
sured from their surfaces in the 
beakers. Let these be hi and 

Then we have the atmos- 
pheric pressure 

A=Pressure at B + h\9ig 
= Pressure at C+h2P2g^ 
but pressure at B and C is the 
same. 

i^^iPi=^2P2 

or P 2 =^, for Pi being the den- 
h2 

sity of water is equal to unity. 

To find the specific gravity Fia. 65 

of a liquid by W-shaped tube : — 
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The arrangement of the apparatus is shown in 
figure 66 page 163. Water is poured in one limb and 
the given liquid in the other. Gas is enclosed in the 
curved limb and on pouring more quantities of the 
liquids in the respective limbs, the gas is still further 
compressed. Let the columns stand as shown. 

Pressure at Pressure at D (being of the en- 
closed gas). 

But the pressure at C=A4-}i\9\g 
and at D^A'\‘h 2 ? 2 g 

/. AiPi=A2P2 

orp 2 =~?forPi being the density of water is 
hi 

equal to unity, 

SUMMARY 

1. Specific gravity is the ratio of the mass of a body to 
that of an equal volume of water at 4^0. 

2. Specific gravity by Beaume’s hydrometer for heavier 

146 

liquids IS obtained by the formula lighter 


liquids 

3. The epecific gravity of liquids is obtained by balancing 
columns, by dividing the water-column by the given liquid- 
column, which balances it, 

EXAMPLES 


1. A specific- gravity bottle weighs 14'2 grammes when 
empty ; 39'7 gms, when filled with water and 44’5 grammes 
when filled with a solution of common salt. What is the 
specific gravity of saline solution? 

^ ^ ^ 44'5-14*2_30'3_, 

It IS equal to 1 


39‘7-“14’2 26*5 


a*188. 


2. A sinker weighing 30 grammes is fastened to a piece 
of cork weighing 8 grammes and the two together just sink 
when placed in water. Find the specific gravity of the 
sinker taking that of cork as 0*26, 

Weight of cork=8 grammes and its specific gravity 
=0‘25 ; therefore the weight of water displaced by cork is 
given by 

g ^ ^ weight in air 

weight of displaced water 
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or 0*25 = 


8 

weight of displaced water 


or weight of displaced water =32 grammes. 

But the weight of water displaced by both together is 
30 + 8 for they together just sink. 

Hence weight of water displaced by the body =38—32 

=6 grammes. 

Hence its specific gravity=— ; — = 6. 

o 

3. The density of the iron weights used with a Nichol- 
son’s hydrometer is 7*8. What weights in its lower pan 
would produce the same effect as 20*4 grammes in the 
upper pan? 

We have specific gravity= — r-j- — — P 

weight in air — weight in water 


or 7*8= 11^—20*4 ’ weight m water =20*4, by the 


condition of the question. 

Hence 1^=23 4 grammes. 

4. A solid body floats in water with half its volume 
immersed. When it floats in a mixture of equal volumes of 
water and another liquid, one-third of it is immersed. Find 
the specific gravities of the solid and the liquid. 

5. A piece of cork 200 grammes in weight and specific 
gravity 0 25 is placed in a vessel full of water. How much 
water will overflow ? 

6. A cylinder density 2*8, one squai e centimetre m 
cross-section and 6 centimetres in length is dropped in a 
vessel containing mercury and watei. Find its position of 
eqi>ilibriuin. 

7. A body weighs 1 10 grammes in air, 100 grammes in 
water and 90 grammes in a given liquid. Find the specific 
gravity of the liquid. 

8. Find the length and specific gravity of a cylinder, 
which floats in water with 2 inches of its vertical axis out of 
it; and also m a liquid of specific gravity 1*6 with 6 inches, 
out of it. 

9. Determine the sectional area of a wire, a piece of 
which, 1 metre long, weighs 24 grammes in air and 20 
grammes in water. Find its density. 

10. How much copper is contained in a rupee, if it 
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weighs 180 grains in air and 163^3 grains in water, taking 
copper as 9 times and silver 11 times as heavy as water? 

11. A solid whose specific gravity is 1*85 is weighed 
in a mixture of alcohol (specific gravity *82) and water. It 
weighs 28*8 grammes in air and 14*1 grammes in the mix- 
ture. rind the proportion of alcohol present. 

12. A copper piece weighing 16 grammes is thrown 
in a graduated jar, the level of the water rises through 
1*8 c.c. Calculate the specific gravity of copper. 



CHAPTER XVI 

THE ATMOSPHERE 

73 . All that has been said about liquids, applies 
almost equally well to gases. The only difference 
between gases and liquids is that the former have no 
free surface, while the latter have; and that the density 
of gases depends upon the pressure, while that of 
liquids is constant. Otherwise the principles of Archi- 
medes and Pascal apply to gases as well as to liquids. 
Further, gases are subject to gravity like all other 
material media and thus exert on all bodies pi*es8ures 
depending on their depths and their densities. Al- 
though the density of air is very small, being only 
*00129 gramme per c.c., yet the depth of the surface of 
the Earth below the surface of the Atmosphere is so 
great, that the pressure due to the air is very consider- 
able. This pressure is termed atwosphenc pressure. 
It is not perfectly constant and changes from place 
to place and from time to time depending on the 
local conditions of the weather. Its average value 
is about 15 lbs. weight per square inch or 1033 grammes 
icei^ht per squ|ire centimetre. 

It may appear paradoxical at first sight that such 
a large pressure should exist around us, without our 
being even conscious of the same. A little thought 
shows however, that the net upward pressure on a 
body due to the atmosphere is equal to the weight of 
the gas displaced by the body; just as a body immersed 
in a liquid experiences upward thrust equal to the 
weight of the liquid displaced by it. 

The atmospheric pressure is exerted with perfect 
uniformity on all sides ; and the only way to feel it, 
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is to remove, oy any device, the pressure from one 
side. The other side shall then experience the uncom- 
pensated pressure. Thus if air be drawn completely 
from any vessel, its outer side shall experience a very 
great pressure. Due to this, vacuum bulbs sometimes 
get cracked. 

The easiest way to demonstrate atmospheric pressure is 
to fill a test tube with water to the brim; and then to put gently 
over it, a sheet of stiiff card-board. On inverting the test tube, 
it IS noticed that neither the cardboard nor the water falls 
down. The weight of both things is thus suppor- 
ted by the upward thrust of the atmosphere. 

The classical experiment to demonstrate 
atmospheric pressure is that of Magdeburg hemi- 
spheres. An air-tight receiver is formed by fit- 
ting two hemispheres closelv, as shown in fig. 66. 

When there is air inside, the two can be 
separated without any exertion. If the air 
inside be exhausted, consideiable force is 
required to separate the two. In Von Guericke’s 
original experiment, a team of 16 horses was 
needed to pull the two hemispheres apart. 

74. Measurement of Atmospheric 
Pressure. 

Barometer, the instrument used for meas- Fig. 66 
uring the atmospheric pres- 
sures, consists of a tube about 
36 inches long and closed 
at one end. It is filled with 
clean dry mercury ; and the 
open end is closed with 
thumb in such a way, as 
not to leave any air in it. 

On inverting it in a small 
trough of mercury and 
removing the thumb, it is 
noticed that the mercury in 
the tube stands about 30 
inches above the mercury sur- 
face in the trough. The space 
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above the mercury in the tube is a vacuum * called the 
Torricellian vacuum. Thus the pressure on the surface of 
the mercury column is zero ; but the pressure inside the 
tube at the level of the mercury in the trough is equal 
to the product of the density of mercury and height of 
the column. This must also be the pressure on the mercury 
in the trough, for the mercury in the tube as well as in 
the trough is in free communication. But the pressure 
on the mercury in the trough is due to that of the at- 
mosphere. Therefore the atmospheric pressure is equal 
to that of a column of mercury in the tube above that 
in the trough. This height is called Barometric height. 
Normally this is taken as 30 inches or 760 mms. There 
is very slight difference between the two. It is always 
the vortical height in the tube above that in the trough, 
which is the measure of the barometric height ; for if 
the tube be inclined to the vertical as shown in 
figure 67, we notice that while the vertical height 
remains the same, the length of the tube filled with 
mercury increases. Of all the liquids, mercury is 
preferred on account of : — 

(1) Its great density. It is 13*6 times as heavy as 
water, therefore a mercury barometer is not very long. 
A water barometer would be 13*6 times as long as a 
mercury barometer. 

(2) Its low vapour-pressure. Mercury vapour exerts 
inappreciable pressure in the Torricellian vacuum. The 
vapour of any other liquid would exert considerable 
pressure. 

(3) Its purity. Mercury can be had pure; while it is 
difficult to get any other liquid in the purer state. 

(4) Its lustre. On account of this, it can be easily 
seen in the tube. 

Fortin’s Barometer. For finding the Barometric pres- 
sure practically with any accuracy, Fortin’s Barometer, 

* This space contains a little mercury vapour; but the pressure 
-exerted by it is very small, and hence for ordinary purposes it is 
neglected. 
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as shown in figure 68, is used. The mercury cistern in this 
is made of leather and its bottom can be raised 
or lowered slightly by means of a screw. The 
zero of the scale coincides with the point of a 
small ivory index. The mercury surface is ad- 
justed by means of the screw, until it just 
touches the index-point. Usually the scale 
is graduated only between 27 and 32 inches ; 
and the reading of the barometric height is 
taken by the help of a vernier attached 
to it. 

The Aneroid Barometer. This form of 
barometer does not contain any mercury. 

It consists of an air-tight small box partially 
exhausted. The upper lid of this box consists 
of a thin metal diaphragm, which will 
bulge inside, more or less, according as the 
pressure of the atmosphere is greater or less 
than the normal pressure. The motion of the 
diaphragm is magnified by means of mechani- 
cal means and that indicates the pressure 
of the atmosphere. It is calibrated by com- 
parison with a mercury barometer. 

This instrument has the advantage of being very 
easily portable ; for it is generally made of small size 
and convenient shape and on account of the absence of 
any liquid, there is no danger of its being spilt. 
The disadvantage is that it is impossible to ensure the 
same accuracy as in a mercury barometer so much 
so that it is essential to verify the calibration every now 
and then. 

75. Measurements of heights by a Barometer. 

As the pressure of the atmosphere is due to the 
weight of air above the mercury in the trough, 
Pascal predicted that the mercury would fall if a 
barometer were taken to a mountain-top. In 1648, 
Clermont verified this fact and found the height of Puy- 
de-Dome. To find out by this method, the difference in 
heights between two points, we take the barometric 
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readings and from this the weight of the column of air 
between these two points is calculated. Dividing this 
by the density of air, we get the height, 

H— X 13 (), 

d 

where //=hcight between the two points; hi and 
Zt 2 the barometric readings and d the density of air — 13 6 
being taken as the density of mercury. 

Iji this consideration, we liavo assumed the air to 
be of uniform density throughout; but this is far from 
being true. As we go up, the density goes on 
decreasing. Further, we have made no allowance 
whatsoever for the pressure of the atpieous va])Ours 
present in the atmosphere. Due to these, the above 
formula does not give very satisfactory results, 
es])ecially when the distance 
between two points is very grctxt. 

To get better the 

difference between the logarithms of 
the two barometric readings bg two 
millions. The result would be the 
height required in centimetres. 

The mathematical treatment of 
this is outside the scope of tliis 
book. 

76 . Boyle’s Law. The jires- 
sure exerted by a given mass oi gas 
at constant temperature is inver- 
sely proportional to its volume. 

The law can be easily veritied 
with the help of the apparatus 
shown in figure 69. The gas to bo 
experimented upon is enclosed in 
the closed tube ABj its volume is 
proportional to the length of the Pio. (59 

tube occupied by the air and this can be read directly 
on the vertical scale. The pressure is found by reading 
the height of mercury surface in tlie open tube l) 
above B and then adding to this the barometric height 
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By raising or lowering the tube, it would be found 
that the product of the volume and pressure of the given 
mass IS constant, provided the temperature remains tlio 
same throughout. The instrument may be used for 
verifying Boyle/s law, for pressures less than the at- 
mospheric, by lowering 1) below B. In this case, the 
pressure is given by subtracting the ditference in height 
between B and D from the barometric height. 

Thus from Bovlc’s law, we have 

PV-K=P^V', 

A perfect gas is defined as one, which obeys Boylc^s 
law absolutely. No gas is perfect in tliis sense; for all 
gases show considerable divergence from this law, near 
their point of liquefaction. Air, oxygon, hydrogen and 
nitrogen are however, considered as perfect gases for 
they obey Boyles^ law over a greater range. It should 
also be noted from the above considerations that the 
density of a gas is proportional to its pressure. 

To show that elasticity of a gas is equal to its 
pressure: — Let a given mass of gas at pressure P and 
volume Fbe subjected to an increased pressure 
and let its volume decrease by a small amount i\ Then 
by Bovle’s Law, we must have 
PV={P+p){V-v) 
PV-PV+])V-Pv.^pv 
i, e, neglecting the product of two 

small quantities, 

V stress 

or P — — — . - , 

v> strain 

V 

i, e. Elasticity at constant temperature, in the case 
of gases obeying ’Boyle's law is equal to the pressure. 

Boyle^s law deduced mathematically* Suppose a volume 
r of a gas under a pressure P is subjected to a pressure 
and the volume is reduced to T', Then increase of pressure 
IS equal to P^—P and decrease in volume is equal to 

p/ — p 

Elasticity is given by y ^~ » the ratio of stress to 


V 
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strain and this 

p/_p 


IS equal to P'\ 

= ?- 

V-V^ V 


or PV=P^V' 


SUMMARY 

1 The Barometer is an instrument used to measure 
atmospheric piessiire. Its various forms are: — (a) Fortin’s 

and (b) Aneroid. 

2. The empty space above the mercury column m a 
barometric tube is called the Torricellian vacuum. 

3 To find the height between two points in centi- 
metres accuiately, multiply the difference between the 
logarithms of the two barometric readings by two millions 

4 Boyle’s law. The volume of a given mass of a gas 
varies inveisely as the pressuie, provided the temperature 
remains constant, i.e PV=K. 

EXAMPLES 

1. The air in the closed limb of a Boyle’s law tube 
occupies 8 c.c at a pressure of 75 cms of meicury. What 
would be the piessure, when it occupies a volume of 10 c.c. 

pVz=:p^V^ 

or 75X8=F X 10 or P^ = 60. 

2. A cylinder filled with air at atmospheric pressuie 
(76 cms ) IS plunged in water with its mouth downwards. At 
what depth will it be half full of water? 

PV=P^V^ 

76 F=P ' ^2 F (for the air is made to 
occupy half the volume ) 
p' =152 cms of meicuij" column. 

The atmosphere exerts a pressure equal to 76 cms ; 
therefore the pressure due to water should be equal to 76 of 
mercury column or 76X1.3*6 cms. of water-column 

3. A barometer reads 30 inches and the Toincelliaii 
vacuum is 5 inches. If a bubble of air, which at normal 
piessure would occupy 5 inches of tube be introduced, what 
would be the leading? 

PF=P^V^ 

30 X 5=.>c(5+a!j); for suppose the mercury 
column goes down by .v inches, then the volume of the 
gas would be 5+.c and the pressure due to it equal to x. 

. 150=x^+ox 

or + 5./ — 150 = 0 

or a? = 10 
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Therefore the column would go down by 10 inches or 
the mercury will stand at 20 inches. 

4. A barometric tube contains air in the Torricellian 
vacuum. The mercury stands at 72, when the space 
above is 10 cms. : and it stands at 70, when the space above is 
reduced to G cms , by lowering the tube m the cistern. 
Find the true pressure. 

By Boyle s law PV is constant 
10(P~72)=6(P— 70) 

4P=aoo 

P=75. 

5. The tube of a barometer has a cross-section of 
1 sq. cm. and when the meicury stands at 77 cms. the length 
of the vacuous space above is 8 cms How' far will the mer- 
curial column be depressed, if one cubic centimetre of air be 
passed into the tube. 

6. Prove that a pressure of one megadyne (10® dynes) 
per sq. centimetre corresponds almost exactly to a baro- 
metric height of 75 cms. 

7. If a mercury barometei falls 2 inches, find the fall 
of the water barometer. 

8. A barometer tube contains air above the mercury 
column. The mercury stands at 25 inches, when the space 
above is 6 inches ; and at 24 inches when the space above is 
5 inches. Find the true atmospheric pressure. 

9. In a barometer containing air, mercury stands at 70 
cms. when the space above is 20 cms.; and at 65 cms. when 
the space above is reduced to 10 cms., by lowering the tube 
in the cistern. Find the true pressure? 

10. A good baiometer reads 75 cms.; on admitting Ic c. 
of air, the reading is 70 cms. Find the volume of the space 
above the mercury at the end. (P. U. 1931) 



CHAPTEB XVII 

HYDROSTATIC MACHINES 

77. Siphon. It consists of a bent tube ACB 
open at both ends as shown in figure 70. It is used for 
pouring a liquid from one 
vessel at a higher level to 
another at a lower one, 
without disturbing the ves- 
sels themselves. To put the 
instrument in operation, 
air IS exhausted out of it; 
either by sucking with the 
mouth from the lower end 
or by filling it with the 
liquid, contained in the 
vessel which is to be em- 
ptied. A steady flow of liquid from .A to /? will 
be maintained so long as the end A is inside the liquid, 
and the level of the liquid in A is higher than that 
in 

To explain the action of the siphon, lot us consider 
the pressures at A and Q' in the same horizontal line. 
The atmospheric pressure acting at A and B tends to 
raise the liquid in the two limbs of the siphon 
to the same height h, the barometric height for the 
given liquid. Thus the net pressure at A urging the 
liquid to move in the upward direction is equal to h ; 
similarly the net pressure at Q' urging the liquid in the 
opposite direction is equal to where y is the level 

of Q' above the level of ih Now ft being greater than 
ft — 2 / the pressure on the side A overbalances the 
pressure at Q'. Thus the liquid would continue to 
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flow from J to £ so long as A is at a higher level than 
B, The height AC must not be greater than the baro- 
metric height of the liquid to be emptied, for the 
column AC is to be supported by the atmospheric pres- 
sure. 

In order to maintain a continuous flow of a liquid 
from one vessel to another, the following conditions 
must be fulfilled : — 


(?) The end A must dip in the liquid. 

{ii) The height AC must be less than the height CB. 
{lit) The height AC must be less than the baiometric 
height for the given liquid. 

78. The Water Pump. It is an instrument for 


raising water from a 
lower level to a higher 
one. It is shown dia- 
grammatically in fig. 71, 
one end of the tube T 
dips into the liquid to be 
raised, while the other 
end is soldered to a big- 
ger tube. At the junc- 
tion is a valve, which 
opens if the pressure be 
applied from below and 
is closed if it be applied 
from above. The big- 
ger tube is fitted with 
a water-tight piston, 
having a valve of simi- 
lar nature as above. 
There is also a spout 



for the water to go Fig. 71 

out from the bigger tube. To understand the action of 
the pump, suppose the piston in the bigger tube is 
moved upwards from the junction of the two tubes. 
The air in the smaller tube shall force open the valve 
and fill the vacuum created by the motion of the 
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piston B upwards; but in so doing its pressure would 
fall because by Boyle^s law, Fis constant. Thus 
if F increases must decrease. Hence the atmospheric 
pressure acting on the surface of water will force some 
of it into the smaller tube. Next suppose, the piston 
is moved downwards. The valve at the junction of the 
two tubes will close, but the air between that valve 
and the piston shall force open the valve in the piston 
and escape. On moving the piston upwards again, 
some more liquid will be forced into the tube. On re- 
peating this series of movements, water would rise up 
in the bigger tube, provided the height of the smaller 
tube above the surface of the liquid is not greater 
than its barometric height. Further suppose, that 
the bigger tube is full of water and the piston is at 
its top. On moving it down- 
wards, the water comes up the 
piston through the valve. 

At the next stroke, this is 
bodily lifted up and escapes 
through the spout. The pis- 
ton is generally worked by a 
lever, 

78. (a) The Force-Pump. 

As shown in fig 72, it is like 
the water pump with this differ- 
ence that there is no valve in 
the piston itself; but there is a 
side-tube and a valve at the 
junction of the two. This valve 
opens when force is applied 
from the side of the bigger 
tube. The action and work- 
ing is similar to the water Fig. 72 

pump ; but when the piston is moved downwards, the 
pressure of the piston forces the water up in the side tube 
This device is used when it is required to carry water 
to heights greater than the barometric height for water. 
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79. Air Pump. This consists of a cylinder A 
called the barrel. In 
this, works a piston P 
having a valve F open- 
ing upwards. At the 
bottom of the barrel is 
another valve also open- 
ing upwards and closing 
a pipe ODj connected at 
the other end to the 
receiver E to be exhaus- 
ted. To understand the 
action, suppose the 
piston is moved up- 
wards in the barrel, air 
from the receiver would 
go into the barrel and 
thus its pressure would 
be decreased. On the 
downward motion of the piston, the valve at the 
junction of the barrel and the tube is closed; and the 
air in the barrel escapes through the valve F in the 
piston itself. Thus at each stroke, the air in the barrel 
is withdrawn. By repeated strokes, the receiver may 
be exhausted of air. In practice however, the pressure 
cannot be reduced beyond a certain limit, for the 
pressure of the air becomes so low that it becomes 
incapable of working the valve. 

To determine the pressure of the air in the Receiver 
after any number of strokes : — 

Suppose V be the volume of the receiver and the con- 
necting tube, 

V be the volume of the barrel, 

P be the initial pressure of the gas in the receiver, 
and Pn be the pressure after n strokes. 

After the first stroke, we have by Boyle’s law, 

P7=Pi (r+w) or =~r- W 

P V+v 



Fia. 78 
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•where Pi=Pressure after one stroke. 

After second stroke, we have by Boyle’s law 

PiF=Pis (F+n) or -^= (ii) 

Pi V-rv 

'where JP 2 == Pressure after second stroke. 

p 

Multiplying equation (i) and (ii) we have“-jj-“ = 

Similarly after n strokes the pressure Pn will be given by 

Pn^l V Y 
P [v+v I • 

Geissler’s Air Pump. This pump, in its simplest 
form, consists of two big glass 
reservoirs of considerable capa- 
city. One of these A (fig. 74) is 
fixed, while the other B can be 
raised or lowered at will. The 
two are connected by a strong 
India-rubber tubing. The re* 
servoir B is open to the atmosphere, 
while A is fitted with an air-tight 
stopcock above and communi- 
cates with the receiver to be 
exhausted through a pipe> which 
can be closed by a tap 1), The 
reservoir B in its lowest position 
is filled with mercury. Stopcock 
D is closed and C opened. B is 
raised slowly to such a height 
that mercury-level stands just 
upto the stopcock (7, which is 
then closed and the reservoir B 
moved downwards till the mer- 
cury falls below D in the tube Fia. 74 

connected to A. D is then opened, the air from 
the receiver fills A and the mercury column comes 
downwards. D is then closed and B is again raised 
till the air in A is again compressed to nearly atmos- 
pheric pressure. At this time, C is opened and B is 
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still further raised so that mercury in A stands just 
upto C, C is closed and the process repeated. In 
this way high degree of exhaustion is attainable. 

In this instrument, closing and opening of the 
taps every time is a tedious aifair. Toppler’s pump 
constructed after Geissler’s model, obviates the difficulty 
of taps by slight modification. 

Pressure Gauges. It is an instrument for measur- 
ing the pressure of a gas or 
vapour. The most usual form 
of this is a siphon manometer. 

It consists of a bent glass 
tube (figure 75), containing 
usually meicury or eiosine 
water. The end is open to 
the atmosphere, while the end 
C IS connected to the vessel of 
which the pressure is to be 
measured. If the pressure in 
C is greater than the at- 
mospheric, the liquid m D 
would rise ; otherwise, the 
reverse would take place. 

The difference in pressure on 
the two sides (C and D) is 
given by the difference in 
levels of the liquid in the two 
limbs of the guage. 

SUMMARY 

1 . The pressure in the receiver of an air pump after 

n strokes is given , where '?;'=the volume 

of barrel, V=volume of receiver, n is the number of strokes 
and P the initial pressure. 

2. For high vacuum, mercury air' pump is the instrument 
that can be used successfully. 
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EXAMPLES 

1. In an air pump, the volume of the receiver is 150 c.c. 
and that of the barrel is 30 c c. Find in what ratio the 
density is reduced after 4 strokesr 




HYDROSTATIC MACHINES 


171 


dfi 

_ Pn _ 

V 

150 Y_ 

5 ) 

d 

P 

1 V+v] 

150 + 30 1 1 

6 1 


“625:1296 


2. To what depth must a diving-bell 6 feet high be 
immersed, so that the water may rise 4 feet within it, 
height of water barometer being 34 ft. 

6X34==2x* for volume of air is reduced to 2 feet only. 

/. a? =102 

The depth below must be 102—34=68 feet. 

3. A bubble of air 1 mm. in diameter starts from the 
bottom of a lake 1033*6 centimetres deep. Pind its size on 
reaching the surface. 

The volume ot the bubble = 

— '”’(V 2 )^ cubic millimetres at the 

bottom of the lake; 

, , 1033*6 

and the pressure there — ' cms of mercury column. 

io Uo 

This is equal to 152 cms 

By Boyle’s law PV ih constant On the suiface, the 
pressure IS only equal to 76 cms of meicurv column Let 
the ladius of the bubble be denoted by r, then we have 
TTX V4Xl52 = TrHx76 


or r=v^V 2 and the diameter =v/^ 


= 1*4142 mm. 

4. What IS the greatest height of the shorter arm of a 
siphon, which can permit of the flow of (<) meicury and 
{ii) alcohol. 

5. One limb of a XJ-tube is connected to the gas tap 
while the other is open. The difference of water-levels, 
in the two limbs is equal to 33*4 cms. Find the juessure 
of the gas in terms of the water-column — density of mercury 
being 13 6 and barometric pressure 76 cms. 



CHAPTEE XVIII 

AVIATION 

81 . Aviation. Flying in air has been attempted 
in two ways : — (^) by means of machines ^ Heavier than 
Air commonly called aeroplanes and {ii) by means of 
machines “Lighter than Air”, known as balloons. From 
earliest times, man has seen birds fly and has wondered 
how they accomplish this feat. Early attempts in 
this direction were made with balloons but with partial 
success. 

{a) The balloon floats in air for the same reason as 
a boat floats in water. The weight of the volume of air dis- 
placed by a balloon is greater than the weight of the 
same volume of hydrogen gas with which balloons are 
usually filled. 

(6) The aeroplane floats in air for the same reason 
as a boy’s kite or a bird ; i.e. by reason of the upward 
pressure of the current of air passing under it. 

(c) A balloon affords a means of rising high in th© 
air, but the ambition of human race from the beginning 
has been to fly in the air and not simply to rise. In order 
to achieve the latter object, i.e. of flying in air, a machine 
propeller is fitted to the big balloon and a rudder 
attached to direct its course. With a view to coimter- 
balance the weight of this additional machinery, the 
balloon is made much bigger. Such a machine is called 
the Dirigible Balloon or the Airship, This is a combi- 
nation of a balloon and an aeroplane. In order to re- 
duce the resistance of the air to motion, the balloon 
is given the form of a cigar and is propelled by gasoline 
engines, which for a given weight give the maximum. 

17 ^ 
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of power. Zeppelin and Wellman are the most impor- 
tant forms of airships. 

Of late years, Airships have developed very rapidly for 
they can lift without being in forward motion and can 
hover over a given point. They are now used for 
comparatively heavy transport. The largest airships 
have a gross lift of 100 to 110 tons and a speed upwards 
of 60 miles. One such British airship R 101, provided 
sleeping accommodation for about 50 passengers. After 
a successful tour to the U. S. A., it met with a mishap in 
France on its way to India, which resulted unfortunately 
in the death of about 40 souls including that of Lord 
Thomson, the Air Minister. 

To investigate fully the conditions under which a 
kite remains in 
equilibrium, let us 
refer to fig. 7 6. 

AB is the kite, which 
is held in position by 
the string CB, The 
forces acting on it 
are: — 

1. Its weight 
mg acting vertically 
downwards. 

2. The pull T 
©f the string CJSJ,. 
acting in the direc- 
tion CE. 

3. The pres- 
sure P of the wind. 

If these three 
forces can be repre- 
sented by the three sides of a triangle taken in order, 
then the kite will remain in equilibrium; if however^ it 
is not possible then the kite cannot be in equilibrium. 
In the latter case, the kite will move. To find out the 
direction of motion, let us suppose that the pressure P 
of the wind is resolved into two components L and D, 
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in the vertical and horizontal directions respectively. 
The vertical component of the pressure is called the 
‘Lift’ and the horizontal component is called the ‘Drift.’ 
When the lift exceeds the weight oc the kite and the 
downward component of the pull, it will rise upwards; 
it the lift is less than the weight and the downward 
component of the pull, the kite will fall down. 

The lift increases as (i) the pressure of the wind 
increases and (ti) the inclination of the kite decreases. 
Thus to make the kite rise upwards, jerk (tunica) is 
given to it by the string; and this increases the 
pressure of the wind and decreases the inclination of 
the kite. 

It makes no difference whether the wind, which 
passes under the planes supporting the aeroplane, is duo 
to natural causes or artificial means, such as the 
speed of the apparatus through air by mechanical means. 
The underside of an aeroplane is concave and the upper 
side convex. The supporting plane, when the machine 
is flying through the air is usually inclined to the hori- 
zontal at an angle of 8 degrees. This slight inclination 
along with its concavity, allows the air through which 
it is passing to enter the concave surface and to exert 
upward pressure. This is, in short, the cause of the 
aeroplane floating. 

It may be observed however, that while the up- 
ward pressure varies as the square of the velocity; the 
power required to produce the velocity varies as its 
cube. 

There are two forms of aeroplanes, known as the 
‘Biplane’ and the ‘Monoplane.’ 

(i) The Biplane consists as shown in fig 77 of two 
planes, arranged vertically one above the other ; 
together with the elevating plane, a tail plane T, steer- 
ing arrangement and the engine propeller and acces- 
soiies. From the middle of the lower plane, stretches 
out a construction (known as fusellage) to the rear. 
Its function is to carry the tale-plane and the rudder. 

The elevator or the elevating plane, projects in 
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front of the two main planes. It is supported from the 
central platform of the lower plane by outriggers and its 
movements up or down are controlled by wires attached 
to levers. The elevator and the tail plane assist to sup- 
port the machine as a whole. The engine with its ac- 
cessories IS fixed in the middle of the lower plane. The 
propeller, which is generally worked directly by the 
engine is fixed at the rear of the lower plane. Some- 
times the Biplane is provided with hanging flaps at- 
tached to the outer ends of the upper plane ; these are 
called (ailerons). 

(ii) The Monoplane is very much like a bird in 



Fia. 77 

form. The propeller is fixed in front of the machine, 
where the bird’s head would be. At the other end 
is the combination tail, foi’ming both the rudder and 
the elevator, 

liise and fall of aeroplane , — The aeroplane is made 
to move upward or downward by the aid of the 
elevator, which consists of a cambered surface stretched 
over a metal or wooden frame. When the elevator is 
tilted upwards, the pressure of the air on the underside, 
when it is carried in front and on the upperside, when 
it is carried m rear, turns the front of the machine 
upwards. But when the elevator is turned downwards, 
the pressure of the air, on its upper side, when it is 
carried in front and on the lower side, when it is 
carried behind, causes the front of the machine to turn 
downwards. 
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Turning to right and left — The aeroplane is turned 
to right or left by the aid of a vertical rudder, which is 
always carried on the tail. Turning the rudder to the 
right turns the head of the machine to the right and 
turning it to the left, turns the head of the machine to 
the left. 

The propeller . — The propeller is similar in shape 
to the blades of an electric fan. It is revolved at 
a very rapid rate of about 1000 revolutions per 
minute or over. A propeller may have 2 or 4 
blades. Just as a screw cuts its way through the 
wood, so do the screw-blades forming the propeller cut 
their way through the air or water, and force the 
aeroplane forward. 

The landing apparatus or chasis . — It consists of two 
or four bicycle wheels with comparatively large 
pneumatic tyres. Two wheels are generally fixed on 
each side of the aeroplane. The wheels can move in any 
direction and are shock absorbers. It is raised above 
the ground, when the velocity of the machine is so 
great as to exert upward pressure, greater than the 
weight of the machine. 


EXAMINATION QUESTIONS IV 

1. What is a hydrometer ? Explain the construction 
and principle of a constant-weight type hydrometer. 

2. What is Boyle’s law ? How is it proved experi- 
mentally ? Mercury used in the construction of a barometer 
has air dissolved in it ? What will be the consequence of 
this? How will you measure correct Atmospheric pressure 
with such a barometer ? 

3. Explain the action of a siphon. What is the grea- 
test height, over which it is possible to carry turpentine ? 

4. Explain with the help of a neat diagram how a 
boy’s kite flies ? What is the difference between a diW- 
gible and an aeroplane ? 

5. Describe a mercury air pump. Why does an ordinary 
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pump fail to produce high vacuum? 

6. A bottle filled with air at atmospheric pressure is 
plunged mouth downwards in sea-water. At what depth will 
it be one-fourth full of water ? 

Density of mercury =13'56 
„ „ sea-water =ri3. 




HEAT 

CHAPTER I 

INTRODUCTION 


82 . Temperature and Heat. You are all familiar 
with the ordinary sensations of heat and cold. When 
you touch any substance with your hand, you can at 
once say, whether it is hot or cold; thus our unaided 
senses are sufficient to distinguish between conditions 
termed as hot or cold. It must however, be clearly under- 
stood that the knowledge, we get by our senses, of the 
hotness of a body is only relative and cannot be relied 
upon absolutely. 

Expenment‘—Tdke three beakers B and C containing 
cold, luke-warm and hot water respectively. Immerse your 
left-hand in cold water and your right-hand in hot water. 
Now immerse both hands into B containing luke-warm water. 
You will notice that the left-hand feels warm, while the 
right-hand feels cool. 

Although in particular cases, our senses may some- 
times deceive us, yet our ideas of hotness and coldnessr 
are derived primarily from our senses. This hotness or 
coldness of a body in scientific language is spoken of as 
its temperature. 

Further we know that when two bodies at differ- 
ent temperatures are placed in thermal communication, 
heat flows from a body at a higher temperature 
to one at a lower temperature, i.e. difference of tempera- 
ture is a necessary condition for the flow of heat. Thus 
temperature is defined as the thermal condition of a body 
which determines^ whether it will give heat to or rLLx^ifCe 
heat from another^ when placed in contact with it. 

Now tiie question arises, what is it, which brings 
179 



180 


HEAT 


about these differences of temperature in bodies ? The 
agentj which brings about these differences of temperature 
is termed Heat 

Thus, when a body is placed in the Sun or in a 
furnace, it absorbs heat and its temperature rises. 
What is the nature of this agent, known as Heat ? It 
will be discussed at some length in Chapter X, but it 
will not be out of place to say that it is a form of 
energy. Heat and temperature are very closely related 
to one another, for generally whenever a body absorbs 
heat, its temperature rises and whenever it loses heat, 
its temperature falls. Though heat and temperature 
are seen to be closely connected, it is very important to 
distinguish clearly between the two. 

Distinctions between Heat and Temperi^ture: — 

1. Temperature refers to a particular thermal condi- 
tion and is quite distinct from the quantity of heat which a 
body possesses. Thus a red-hot needle is at a very high 
temperature as compared to sea-water; although the total 
quantity of heat is enormous in the latter case and that 
possessed by the needle is negligibly small. 

2. Temperature alone dete'imiines the direction of flow 
of heat. Thus in the above example, if the red-hot needle 
be thrown into the sea, heat will flow from the needle to 
the sea-water. 

To make the distinction between heat and tempera- 
ture still more clear, we may say that heat corresponds to 
the quantity of water in a vessel and temperature to the 
level of the liquid in it. Just as water flows from a 
higher to a lower level, similarly heat flows from a 
body at a higher temperature to one at a lower tempera- 
ture. Or we may say that heat corresponds to the 
quantity of electricity and temperature to potential. And 
just as electricity flows from a body at a higher poten- 
tial to one at a lower potential, similarly does heat flow 
from a body at a higher temperature to one at a lower 
temperature. 

83. Effects of Heat. The effects produced by 
heat on different substances are very diverse and de- 
pend upon the circumstances, under which heating or 



INTRODUCTION 


181 


cooling takes place. Some of the more important 
effects are the following: — 

(i) Change of temperature. Whenever the state of 
aggregation of a body does not change, its tempe- 
rature increases with gain and falls with loss of 
heat. It should be clearly noted however, that there 
is no rise or fall of temperature with the gain or loss of 
heat, when the body is changing its state. Thus when 
heat is applied to melting ice, there is no rise of tem- 
perature, till the whole of it is melted. 

(ii) Expansion . — It is found 
that with a few exceptions * all 
bodies expand with the rise of tem- 
perature and contract with the fall 
of temperature. The amount of 
expansion varies with the nature of 
the substance, the rise of temperature 
and its initial volume. In general, 
gases expand more than solids for 
the same rise of temperature. 

(a) Expansion of solids. Take 
Gravesand’s ring as shown in fig. 1. It 
consists of a ring and a solid sphere, 
which just passes through the ring, 
when both are at the same tempera- 
ture. Heat the ball over a Bunsen’s 
flame and place it on the ring. Ob- 
serve that it does not pass through the 
ring as it has expanded. Allow it to 
cool ; it contracts and falls through. 

(b) Expansion of liquids. Take a small 

flask fitted with a rubber stopper 
through which passes one end of a tube Fig. 1 

of fine bore, about 6 inches in length. Fill the flask completely 
with coloured water and insert the stopper. Some of the 
liquid will be forced up into the tube. Now heat the flask 
gently by putting it into a beaker of hot water. Notice that 
the level of the liquid rises m the tube, thus showing that it 

•Water very near its freezing point and stretched India-rubber tubing 
contract, when heated. 
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expands when heated. On cooling, the liquid-column in the’ 
tube falls. 

(c) Expansion of gases. 

Take a flask similar to 
the one used to demons- 
trate the expansion of 
liquids. Introduce a 
short column of mercury 
into the stem, so as to 
separate the air in the 
bulb from the outer air. 

Now warm the bulb 
slightly. Notice that 
the mercury column is 
pushed upwards, showing 
that the gas expands 
when heated. On cooling, 
the mercury-thread in 
the tube falls 

{hi) Change of State. — Whenever heat is given 
to a substance, then under suitable circumstances, 
it may change from solid to liquid or from 
liquid to gaseous state ; and if the heat were taken 
away the reverse changes may take place. Thus when 
heat is applied to ice, it melts into water, the tempera- 
ture remaining constant during the process. This heat, 
it may clearly be understood, does not increase the 
molecular kinetic energy; but is spent up in bringing 
about a complete molecular re-arrangement. It 
does not increase its temperature and hence is called 
latent or hidden. If more heat be supplied, the 
temperature of the water so formed rises till it begins 
to boil; when again the temperature remains stationary 
fmd the liquid is converted into vapour. During 
the process of conversion, heat is utilized to aug- 
ment the potential molecular energy. The flrst process, 
i.e. conversion from the solid to liquid state is known as 
fusion or melting] and the latter, i.e. conversion from 
the liquid to vapour state is known as vapor} mtion. 

{iv) Change of Physical Properties. — Most of the 
physical properties, such as elasticity, viscosity, surface 



Fig. 2 Fig. 3 
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tension, conductivity, optical properties etc. are 
changed, when the temperature changes. Sometimes 
differences of temperature may give rise to an electric 
current as in a thermopile. 

{v) Chemical Effects , — Heat promotes chemical 
action as is shown by the combustion of coal. Coal 
and oxygen may lie together for years, yet no action 
will take place till the temperature is raised to ignition- 
point. 

SUMMARY 

1. Heat is a form of energy, which brings about differ- 
ences of temperature. 

2. Temperature is the thermal condition of a body, 
which determines the direction of flow of heat, when 
it IS placed in contact with another, kept at the standard 
temperature. 

3. Heat produces the following effects: — 

{{) Change of Temperature. 

{it) Expansion. 

(m) Change of State. 

{iv) Change of Physical Properties. 

(t?) Chemical Effects. 



CHAPTER II 

THERMOMETRY 

84. Thermometry. Our sense of touch no doubt 
gives us some idea of the temperature of a body, yet as 
has been pointed out in the first chapter, this sensation 
is not always a safe guide in estimating the degree of 
hotness or coldness of bodies. 

Experiment,-- On a rather cool day, touch a piece of 
metal and a piece of wool, which have been exposed to the 
atmosphere. The piece of metal being a good conductor ab- 
sorbs heat more quickly than the piece of wool and hence 
the former feels cooler; although both are at the same 
temperature. 

Thus we see that our sense of touch cannot be re- 
lied upon for the correct measurement of temperatures, 
as this is neither delicate nor reliable. Moreover, the 
measurement is influenced by the previous temperature 
of the hand. 

Thermometer. Any instrument, which is a trust- 
worthy mode of comparing or measuring temperatures, 
is called a thermometer. 

Principle of a thermometer. We have seen in the 
Introductory Chapter that when heat is communicated 
to a body, not only does its temperature rise but other 
changes also take place simultaneously. Any property 
of matter, which varies continuously with the tempera- 
ture might be used to measure temperatures. Thus 
linear or cubical expansion, electric resistance of 
a conductor or the electromotive forces generated 
at the junction of two unlike metals, may be 
used to measure temperature, which does not admit 
of direct measurement. Thermometers, based on 
each of the above changes, have in fact been con- 
structed and are used for special purposes. They will 
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be considered at their proper place in this book. But 
the effect, which is most commonly used for the pur- 
pose of measuring temperatures is the expansion of 
liquids. Solids expand little, while gases expand too 
much and liquids on account of moderate expansion are 
best adapted for the purpose. 

N. b. — A thermometer actually denotes the tempera- 
ture of the substance^ used in its construction ; bui it is 
so arranged that the substance acquires the temperature 
of the medium in which it is placed. 

Experiment— a glass tube of fine bore with f 
a bulb blown at one end as shown in fig. 4, let the 
bulb and part of the tube be filled with a liquid. Place 
this m a beaker of water and heat it. Notice that 
the level of the liquid in the, tube rises continuously 
with the rise of temperature. Now if the water cools 
down to its original temperature, the level of the 
liquid in the tube will be the same as m the begin- 
ning. 

If we were to make a series of marks on the 
stem, then each one of them would denote a S 
definite temperature and the instrument would 
no doubt serve as a thermometer; but such a 
thermometer shall have the following disadvan- 
tages. 

(1) Upper end of the stem being open, foreign 

substances might enter the tube and thus cause 
trouble. I® 

(2) Some of the liquid in the stem and the 

bulb will leave them by evaporation. Fig. 4 

(3) The readings being arbitrarily marked, would not 
be intelligible to others. 

To obviate the above disadvantages, the upper end 
of the stem is glosed, this remedies the defects numbers 
(l)and (2) above. To remedy defect number (3), two marks 
known as the fixed points are made on the stem. These 
indicate two well-known and standard temperatures, 
i.e. the temperatures of melting ice and boiling water 
under normal pressure. The distance between these 
two marks is divided into a definite number of equal 
parts known as degrees, provided the bore of the st 3 m 
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is uniform. The liquid used is generally mercury. The 
reasons for selecting it will be described at its proper 
place. Such a thermometer is called a Mercury-in- 
glass Thermometer. 

85. Mercury Thermometer. It consists of a 
narrow, thin-walled, cylindrical glass bulb and stem of 
a thick-walled capillary tube of uniform bore closed at the 
upper end. The stem terminates at its upper end r 
in a small bulb, which allows mercury space for 
expansion in case the thermometer is heated 
beyond the range for which it is intended. The 
graduations are etched on the stem and are filled 
with black paint. A layer of white enamel is 
generally embedded at the back to serve as a 
white background in order to see the mercury 
easily. 

To construct a thermometer, a length of $ 
thick capillary tubing of uniform ftore* is selected. 

It is then thoroughly cleaned by washing it with 
nitric acid and distilled water. It is then dried 
by passing hot air from the drying apparatus. 

A bulb is then blown at one end and small thistle 
funnel at the other. 

The next operation is to fill the bulb and 2 ^, UB 
part of the stem with mercury. To achieve this. Fig. 5 
the funnel is filled with pure dry mercury, which 
does not go down into the stem as the bore is too 
narrow. To do this the bulb is gently heated, the gas 
imprisoned in the bulb and the stem expands; and a 
portion of it escapes. The bulb is allowed to cool, the 
pressure of the inside air decreases and a small quantity 
of mercury is forced into the bulb. This process of 
alternate heating and cooling is repeated several times 
until the bulb and a small portion of the stem are 
filled with mercury. The mercury is then boiled 

* It is easily done by introducing a small thread of mercury and 
then measuring its length at various points. If it is the same at all 
points then the bore is uniform, otherwise not. In the latter case ttia 
tube must be discarded and another of uniform bore seleotad* 
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in order to drive off the air and the moisture inside it. 
With a view to seal the upper end of the thermometer 
the instrument is placed in a bath, the temperature of 
which is slightly above the highest temperature, it is 
intended to measure. A small pointed flame is then 
directed near the upper end, to fuse the glass and thus 
close that end. 

The next operation is the determination of fixed 
points. The convenient fixed points are those corres- 
pond^g to the temperature of pure melting ice and 
the boiling point of water under normal atmospheric 
pressure (760 mms. of mercury at sea-level in latitude 
45°). The marking of the fixed points should preferably 
be postponed for at least a week after the thermometer 
is sealed off. 

The loicer fixed point is determined by placing the 
bulb and part of the stem in melting ice, 
which has been formed by freezing 
distilled water, as shown in fig. 6. The 
point on the stem, where the mercury 
thread is stationary for a time, denotes 
the Freezing Point and is scratched. 

The upper fixed point is determined 
by surrounding the bulb and stem by 
steam issuing from boiling water. For 
this purpose, the instrument known as 
hypsometer, as shown in fig, 7 is used. 

The apparatus is simply a copper boiler, 
having two concentric tubes so arranged 
that the steam ascends the inner tube Fia. 6 
and descends through the space between the two. 
Thus the steam in the inner tube is prevented from 
cooling and also the inner tube is maintained at the 
temperature of the steam, and errors due to loss of heat 
by radiation are avoided. The thermometer tube, the 
upper fixed point of which is to be marked, is thrust 
through the India-rubber cork. The whole of the stem 
upto the extremity of the mercury column and the 
bulb should be surrounded by steam. The bulb on 
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no account should touch the boiling water, for the same 
is greatly affected by the presence 
of impurities in it, while the tem- 
perature of steam is not very 
much altered for that reason. 

When the level ot the mercury in 
the stem has become stationary, 
a fine scratch is marked to denote 
the upper level of the mercury 
meniscus and the atmospheric 
pressure is immediately noted. If 
it is normal, the scratch marks the 
upper fixed point. As the boiling 
point of water depends upon 
pressure, correction shall have to be 
applied if the atmospheric pressure 
is not normal. The temperature 
of boiling water is given with suffi- Fia. 7 

cient accui’acy by the formula 2'= 100— ‘037 (760— A), 
where h denotes the barometric height m mms. of 
mercury column. 

Thus if I denotes the distance between the lower 
and the upper fixed points as marked, then the true 

I X 100 ^ 

upper fixed point shall be . ^ .^— ^ ^^above the 

lower fixed point. A new scratch is made at the 
point given by the above formula and that in fact 
denotes the true upper fixed point. 

86. Graduation of a thermometer. The fixed 
points having been marked on the stem, a thermo- 
meter is graduated by dividing the distance between 
the two fixed points into suitable and recognized 
scales of temperatures and continuing this marking of 
divisions throughout the whole length.f There are 

* Provided temperatures are measured on tbe o.g. Scale. 

f To etch the diTigions on the stem, the whole of the thermometer 
is covered over with wax. Tlie divisions are made by means of a fine 
needle mark and the whole instrument is put into hydroflounc acid the 
acid does not affect the parts of glass covered over by wax but deep marks 
are etched on tbe exposed spaces. To make them easily visible, lamp* 
black is embedded in them. 
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three scales of temperatures, which are more or less, in 
general vogue. 

(1) Centigrade. The lower fixed point is marked 
zero, the upper 100 and the space between the two 
fixed points is divided into 100 equal parts known as 
degrees. The scale is extensively used for all scienti- 
fic purposes, 

(2) Reaumur. The lower fixed point is marked 
zero, the upper 80 and the space between the two fixed 
points is divided into 80 equal parts. This scale is used 
on the Continent of Europe, but is now getting out 
of use. 

(3) Fahrenheit, The lower fixed point is not 
marked 0 but as 32, the upper fixed point is marked 
212 and the space between the two fixed points is divi- 
ded into 180 equal parts. This scale is used in Great 
Britain for domestic purposes. 

Comparison of scales of temperature^ The relation 
between the three scales is given by the following 
table 


Name of scale. I 

Freezing 

point 

marked. 

Boiling 

point 

marked. 


Centigrade (C) 

0* 

100“ 

100° 

Reaumur (R) 

0° 

80“ 

80“ 

Fahrenheit (F) 

32“ 

212“ 

180° 


To convert temperatures from any one scale into 
another, we see that a difference of, 100° on the Centi- 
grade scale corresponds to one of 80° on the Reaumur 
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and 180® on the Fahrenheit. Thus a Reaumur degree 

is — Centigrade and a Fahrenheit is 

80 4 ® 180 9 

of a centigrade degree. Thus a difference of tempera- 
ture which would be represented by 6° on C will be 
represented by 4^11 and 9°F. But the melting point 
of ice on both the C and R scales is represented by 0°, 
while on the Fahrenheit, it is represented by 32°. Thus 
a temperature F on the Fahrenheit is F— 32 above the 
freezing point ; and to convert it into centigrade, we 
must multiply F— 32 by § and to convert it into Reau- 
mur, by If C, R and F were to denote the read- 
ings of the same temperature on the three scales we 
must have 

C _ R _F-S2 ^^C__R ^F-S2 

IW ~ 80 180 ° 6 4 9 

Choice of the thermometric substance. The choice 
of a liquid for a thermometer is governed in the first 
instance by the use to which it is to be put and in the 
second, by the consideration how far it satisfies the 
properties required of an ideal thermometric substance, 
which may be enumerated as follows: — 

1. It should be easily and cheaply procurable in pure 

2. It should neither wet the glass nor stick to the 
walls of the capillary tube. 

3. It should be distinctly visible in a capillary tube. 

4. It should remain liquid over a long range of tern 

perature. , . . 

6. It should have a large and uniform co-eflBcient 

of expansion. 

6. It should transmit heat quickly either by conduc- 
tion or by convection. 

7. It should have low thermal capacity. 

8. It should have low specific gravity. 

The only substance possessing all the above proper- 
ties is a gas, which obeys Boyle’s law. The air ther- 
mometer to be described in the next chapter is thus the 
most perfect thermometer. Next to that comes mer- 
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cury between the temperatures of 0°C. and lOO^C.* 

88. Other Forms of Thermometers. 

1. Alcohol thermometer. Sometimes alcohol is used in- 
stead of mercury in the construction of thermometers. Its 
advantages over mercury are the following : — 

(t) It solidifies at— 130°C. while mercury solidifies at 
— 39®C. Thus it can be used for the measurement of very 
low temperatures. 

(^Y) It is cheap. 

{iiCl It expands much more, t.c. its expansion is nearly 
10 times as much as that of mercury and is thus very sensi- 
tive. 

{iv) Its thermal capacity is less than that of mercury. 

(t?) It moves smoothly in a capillary tube and does not 
stick to the walls. 

It has however, the following disadvantages too— 

(f) It bpils at 78°C. and thus cannot be used for measur- 
ing high temperatures. For this reason, it is graduated 
by comparison with a standard thermometer. 

{ii) Its expansion is not uniform. 

(m) It IS colourless and thus has to be coloured to 
make it visible in a capillary tube. 

2. Maximum and Minimum Thermometers. 

These thermometers are used generally to record the 
highest and lowest temperatures during a given period 
of'time. These temperatures are used for agricultural 
or meteorological purposes. 

(a) Six’s Maximum and Minimum Thermometer. 

It is at once both a maximum and a minimum 
thermometer and it is perhaps the oldest of its kind. Its 
general shape is shown in fig. 8. The bulbi4 and part of 
the stem upto B are filled with alcohol. The U-shaped 
column of mercury BC is used to move the indices, 
which denote the lowest and the highest temperatures 
respectively. The small bulb E along with the stem upto 
C again contains alcohol, which simply protects the 
index on maximum temperature side. As the alcohol in 
bulb A expands or contracts with variations of tempe- 

* The student should himself write down the advantages and dis- 
advantages of mercury as a thermometric substance. 
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rature, the extreme points C and B respectively of 
mercury column move upwards'along with their respect- 
ive indices, which are prevented from returning by means 
of a spring. The position of the index on the minimum ^ 
temperature side evidently indicates 
the lowest temperature, while that 
of the index on maximum tempe- 
rature side denotes the highest tem- 
perature. It is important to note 
that the limb B, the index in which 
indicates the lowest temperature, is 
graduated from top to bottom^ while 
the limb (7, the index in which 
denotes the highest temperature, is 
graduated from bottom to top- To set 
the instrument ready for any ob- 
servation, the two indices are brought 
in contact with the mercurial column 
by means of a small magnet. The 
construction of an index is shown 
separately. It is a dumb-bell shaped 
piece of soft iron, carrying a small 
side spring which prevents it from 
smooth movements in a capillary 
tubing; but allows it free movement, 
when the upward thrust of mercury 
or the force of magnetic attraction 
acts upon it. 

(b) Rutherford’s Maximum and Mint* 
mum Thermometers. FlO* 8 ^ 

These are two separate thermometers, one to register 




Fig. 9 

the maximum temperature and the other to register 
the minimum temperature, set on one horizontal wooden 
b oard, as shown in fig. 9. 
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(1) The maximum thermometer is an ordinary 
mercury thermometer with a steel index, which is pushed 
forward as the mercury expands due to the rise of tem- 
perature. Thus the position of the index denotes 
the maximum temperature reached. 


(2) The minimum thermometer is an 
alcohol thermometer, which also contains a 
similar light index. When the alcohol contracts 
due to the fall of temperature, its surface 
tension is sufficient to draw the index back 
with the meniscus; but on expansion it flows 
past the index without affecting it. 

(c) The Clinical Thermometer. It is a kind 
of maximum thermometer. Just at the junction 
of the stem and the bulb is a narrow constriction 
as shown in fig. 10. To use the instrument, the 
mercury is transferred into the bulb by jerks 
and it is left to attain the maximum 
temperature. On expansion the mercury 
flows through the constriction, but on contrac- 
tion, the column of mercury breaks at the 
constriction, and is thus prevented from flow- 
ing back into the bulb. It is generally used 
by physicians to find the temperature of a 
patient, for this purpose the thermometer is 
generally graduated between 96°F. and 110°F. 
by comparison with a standard thermometer. 

89.* High Temperature Thermometers. 

A mercury thermometer is unsuitable for mea- 
suring very high or very low temperatures 
and a gas thermometer is very tedious to 
manage; therefore for measuring such tempera- 
tures, use IS made of certain electric properties 
of a substance, which vary with tne tem- 
perature. 



Fig. 10 


(d) Platinum Resistance Thermometer. It has 


This section may be omitted at first reading. 
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been found that the resistance of a conductor increases 
continuously with the temperature. Thus if we were 
to determine the resistance of a given wire at two 
known standard temperatures and its resistance at 
another unknown temperature T were also determined 
then we can get the value of that temperature by the 

formula, X 100 

— 1^0 

Because if «=the co-efficient of increase of re- 
sistance per degree centigrade, we have 

Mo X 100 


and also 


i?oX r 


Equating the left-hand side expressions, we have 

Rt-Ho 




Minn’^Mo 


xlOO 


(2) Thermopile. The fact that an E.M.F,^ pro- 
portioiial to the difference of temperatures at the two 
junctions of a couple of two different metals, is generated, 
is made use of, for measuring temperatures. One junc^ 
tion of such a couple is generally maintained at the 
standard temperature of melting ice, while the other 
is allowed to be in contact with the body, the tempe- 
rature of which is required. The E M,F, generated is 
measured and from that the temperature is ascertained. 

90. Sources of Error in a Mercurial Thermometer. 

(i) Change of zero. If a thermometer tube, after 
being hermetically sealed, has not been kept for a long time 
before graduation^ then as glass takes a considerable time to 
come to its original volume, when once heated to a high tempe-' 
rature, the vo-lume of the bulb of the thermometer will 
continue to decrease due to contraction and consequently the 
column of mercury would stand higher than the graduation 
marked 0®, when the instrument is immersed in ice. To avoid 
this, the thermometer tube, before it is graduated, must be 
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kept for a long time after being sealed. To correct it 
however, all we have to do is to keep the thermometer in 
melting ice, note down its temperature and subtract the 
the reading from all further observations. 

(it) Recent heating. When a thermometer is used to 
measure high temperatures and is immediately afterwards 
used for measuring low temperatures, the bulb having had 
little time to contract, the thermometer, if it is immersed 
in melting ice will denote a temperature below zero. This 
error is avoided if different thermometers are used for 
measuring high and low temperatui es. 

(m) Exposed column. If the whole of the bulb and 
part of the stem, upto which the mercury column stands, 
are not immersed m the substance the temperature of 
which IS required ; then the temperature of the mercury 
column, which will be exposed to the atmosphere will nob 
be the same as that of the substance and thus error might 
be introduced. To avoid this, the whole of the bulb and 
the stem up to which the mercury column stands, must be 
immersed in the substance 

{iv) Position and Pressure. If the thermometer is 
read in positions and under pressures different from 
those under which it was graduated, 
then its readings will differ; hence it 
must 1)6 read in the position in which it 
was graduated and it should not be 
subiected to variations of pressure. 

91. The Differential Air Ther- 
moscope. It consists as shown in 
fig. 11 of a bent glass tube termina- 
ting in two bulbs A and B, The 
bent tube contains coloured sulphu- 
ric acid. 

If the two bulbs are at the same 
temperature, the level of the liquid 
remains the same in the two limbs. 

If however, the temperature of one of 
the bulbs rises, the air in it expands 
and the level of the liquid on that 
side is depressed while that on the 
other, is raised. This instrument is Fig. 11 
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used to indicate the difference of temperatures between 
the two bulbs. To make it sensitive, the bulbs are 
blackened. 

SUMMARY 

1. Temperature means the hotness of a body. Although 
its idea is derived primarily from our senses, yet for 
accurate determination, some physical property, which 
varies continuously with the temperature, is measured. 

2. Thermometer is any instrument designed to measure 
temperatures. 

3. The expansion of mercury is utilized in the con- 
struction of thermometers. 

4. The Fixed points correspond to the two arbitrary tem- 
peratures, one that of melting ice and the other that of 
boiling water under normal pressure. 

5. Relation between the three scales is given 

a _ R _ i^-32 C _ R _ jP-32 

100 80 180 6 4 9 ■ 

6. A maximum thermometer denotes the highest tem- 
perature and a minimum thermometer denotes the lowest 
temperature, during a given time. 

7. A Platinum Resistance Thermometer measures tempera- 
tures by changes in the resistance of a wire. 

8. A thermo-couple measures temperatures by the 
measurement of E,M,F, generated. 

9. The Thermoscope indicates difference of temperatures. 

EXAMPLES 

1. Find the temperature corresponding to 104°F. on 
the centigrade scale. 

2. Find what temperature is represented by the same 
number on the F. and (7. scales. 

3. Express the temperature of human blood, i, e. 98'4®F. 
on the other two scales. 

4. A thermometer with an arbitrary scale of equal parts 
reads 14'6 in melting ice and 237'6 in water, boiling under 
standard pressure. Find the centigrade temperatures 
indicated by the readings 97*1 and 214‘0 on this thermometer. 
(Lond. F. of M. 1897). 

5. If when the temperature is a mercury thermo- 
meter reads 0’7^C. and when it is 100^0., it reads 101®C.; and 
if the bore be uniform and degree divisions of equal length. 
What is the temperature when the thermometer reads 20^. 



CHAPTER III 

EXPANSION 

92* Expansion of Solids* The fact, that almost 
all bodies whether solids or fluids expand when heated, 
has already been illustrated in the Introductory Chapter. 
Solids have the property of retaining their shape with-^ 
out the support of a containing vessel. Thus it is pos» 
sible in their case to measure the increase in length, 
breadth or thickness, due to a given rise of temperature* 

The increase in length of a metal bar is found by 
experiment to vary directly with the original length and 
the rise of temperature ; but it is found to depend on the 
nature of the substance of which the bar is made. 
Thus, if we were to measure the increase in length per 
cm. length and per degree centigrade rise of temperature, 
the increase would vary with the nature of the substance 
and is known as the co-efficient of linear expansion of 
the substance of which the bar is composed. It is defined 
as the increase in length which a bar 1 cm, long would ex^ 
perience, if heated through l^C, 

If the co-efficient of linear expansion is known, the 
length of a rod at any temperature can be easily calculated, 

Thus let a=the co-efficient of linear expansion, 
Z=the original length of the bar, 
and ^=the rise of temperature. 

Assuming that the expansion is uniform throughout the 
range of temperatures, we have 

Increase in a bar of unit length^eif 
„ „ „ length I r=zlat 

Pinal length of the bar =Z+ZaZ 

or it =Z(l + oZ). 

Co^efficient of Superficial expansion. It is the incr- 
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ease in area per unit area, per unit degree centigrade 
rise of temperature. 

Suppose we have a square plate, each edge of which 
is 1 cm. long, then using the same symbols as before, 
we have 

Final length of each edge=l + a< 
the area of the plate=(l + aif'^ 

=l + 2a^+a2<2. 

Now a is always very small; hence the term containing 
the square of a may be neglected. 

Hence the area of the plate=l + 2a< 

A.ad the increase in area=l + 2a^— l=2a;. 
Therefore the co-efficient of superficial expansioms double 
that of the co-efficient of linear expansion for the same 
substance. 

Co-efficient of cubical expansion. It is the increase 
in volume per unit volume, per unit degree centigrade 
rise of temperature. 

Let the volume of a given mass of substance at 
0®C. be Fq, c the eo-efficieiit of cubical expansion and t the 
rise of temperature. Let the volume at <®C. be denoted 
by Ft, then we have F^c the increase in volume of volume 
Vq for 1“ rise of temperature and Fo ct the increase in 
volume of the volume Vq for ^ rise of temperature, 
the final volume Vt—Vo+ Vq ct 
or Ft=Fo a-i-ct) 

This may be put in the form c= 

Vq t 

Suppose we have a cube of unit edge, then using 
the same symbols as before, we have 

Final length of each edge =H-a< 

.‘.the final volume of the cube=(] -hot)® 

Neglecting the terms containing the square and 
cube of a, we have the volume of the cube=H-3a^. 

Hence the increase in volume =l-l-3a<— l=3at. 

Thus the co-efficient of cubical expansion is three 
times the co-efficient of linear expansion. 

93. Measurement of the co-efficient of linear ex* 
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pansibfi. As the expansion of solids is very small, there- 
fore special methods have to be devised to measure the 
small increase in length. Two methods are used for 
this purpose. According to one, by means of a system 
of levers, the expansion is magnified in a known pro- 
portion, as in Laplace and Lavoisier^s method ; accord- 
ing to the other, the expansion is directly measured by 
delicate instruments such as a screw-gauge or a sphero- 
meter. Modern laboratory methods work on the latter 
principle. 

(a) The methoil of Laplace and Lavoisier. The 

principle of the method is illustrated in fig. 12. The 
bar whose expansion is required, is supported hori- 



Fig. 12 

feontally on rollers i?i, If 2 in a trough containing water, 
which can be heated. The end A of the bar is fixed, 
while the end B is free to move and pushes the end B 
of the lever OB having its fulcrum at 0. A telescope 
which can be focussed at the screen SS^ is rigidly fixed 
at the point 0 in a horizontal direction. A small mo- 
tion of the end B causes the line of sight of the tele- 
scope to travel over a greater length SS^ on the scale. 

To begin with, the temperature of the bar AB is 
reduced to zero by surrounding it with melting ice and 
ice-cold water and the reading S is taken with the tele- 
scope. The temperature of the trough is then raised 
through f and when this temperature remains constant 
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for a considerable time, the reading S' is again taken 
■with the telescope. 

To calculate the expansion, we have by the similar 

• 1 rynj}, A oncvffor /.B0B'=£S0S' and 

triangles BOB' and ^ 5 . 


OB OS 

or BB'=SS'.^. 

The distance SS' is already known from the read- 
ings and the other two distances admit of easy measure- 
ments. 

Now BB'=expansion in length of AB 
But expansion BB'—AB 

__BB' _SS'.OB^ 1 
■■ " AB.t AB.OS t 

One objection to this method is that it is rather 

tedious to determine the ratio and the second ob- 

(Jo 

jection is that the end A of the rod also expands as 
the vessel expands. 

( 6 ) The Laboratory or the spherometer method. 

The principle of the method is illustrated in Fig. 13. 
The rod, whose co-efficient of expansion is required, is 



Fio. 13 

taken about 80 cms. long and is supported in the hori- 
zontal position, as shown in the figure. One end of 
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this abuts against the fixed support which prevents it 
from expanding in that direction. The other end is free 
to expand and the expansion is measured by the sphero- 
meter screw. The rod has two thermometers Ti and 
Ig attached to it to record its temperature and the 
whole is surrounded by a big glass tube having inlet 
and outlet tubes for steam. 

To calculate the expansion, the rod is measured at 
the ordinary atmospheric temperature and its length L 
recorded. 

The reading Ki of the screw, when it just touches 
the end of the rod, at the ordinary atmospheric tempe- 
rature. IS also recorded. 

The screw M is then moved outwards and steam is 
passed into the jacket ; when the temperature is station- 
ary, the screw M is moved inwards to touch the end of 
the rod and the reading again recorded. 

To ensure the proper contact of the screw with the 
rod, a cell L and a galvanometer G are connected as 
shown in the diagram. When the screw M just 
touches the rod, the circuit is complete and a current 
begins to flow. This deflects the galvanometer needle 
immediately, which indicates that contact between the 
rod and the screw is established. 

The difference between these two readings of the 
screw gives the increase in length. 

Hence — Ri=L ^axt, where t denotes the rise 
of temperature. 

Therefore a —~ — . 

Lxt 

94. Change of Density with Temperature. Since 
the mass of a substance does not change with varia- 
tions in its temperature, but the volume increases with 
rise of temperature; hence the density necessarily de- 
creases. Thus if Vo and Ft denote the volumes of a 
substance at 0° and t° C. respectively and and dt the 
densities of the same substance at the two temperatures; 

we have Fodo= Ft(ft= 
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' ' d, V, Fo ’ 

where c denotes the co-efficient of cubical expan- 
sion of the substance. 

or dt- 

l^ct 

This is true for solids, liquids and gases. But for 
solids and liquids for which c is small, we may have 
the approximate formula c?t=rfo(l — ct), provided 

the rise of temperature is small, because d^= 

= rfo(l + —ct) approximately. 

d 

Also from the above formula we have ^=1 + 

dt 

subtracting one from both sides we get ^ ct 

dt 

Dividing by #, we get c= . 

Wt X ^ 


95. Practical consequences of expansion or con- 
traction. In many cases, in which metals are used, 
their expansion with rise of temperature becomes a 
source of trouble. Thus in building iron bridges, space 
is to be left for their expansion, similarly in constructing 
a railway line, a small space is left between two consecu- 
tive rails. The fish plates, which join the two rails are so 
slotted as to allow for their free expansion. The joints 
of water pipes and gas mains are made like those of a 
telescope. Space has to be left for the expansion of 
furnace bars in order to prevent them from bending. 
In order to work rail- ^ p. 

way points at a dis- 
tance from the cabin, 
small cross-pieces as 
shown in fig. 14, mov- 
able about their mid- 
dle points are used at 
intervals, for when ex- 
pansion takes place CL 
the cabin lever and P Fio. 14 
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the rail point end remain fixed, while the cross-piece 
tnrns round as shown m fig. 14 by dotted lines; but if CL 
be moved backward by a pointsman, the point P will 
move the same distance backward. The standard yard is 
the distance between two marks at 62°F., any variations 
of temperature will necessitate corresponding correction. 
The fact, that metals contract when their temperature 
is lowered, is made use of in fitting iron tyres to the 
wheels of carriages and carts. 

Compensated Pendulum. The time of vibration of 
a simple pendulum is given by l/g ; hence it is 

essential that the length I should remain constant, 
otherwise the clock under its control will go slow if 



(a) (6) 

Fio. 16 Fig 16 

Z increases due to the rise of temperature and will go 
fast when it decreases due to the fall of temperature. To 
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prevent this, the following different devices are used. 

(/) Graham’s Mercury Pendulum. An iron cy- 
linder is screwed on to the end of an iron rod as shown in 
fig. 16. The cylinder contains mercury wdiose quantity 
is so adjusted that its expansion upwards for any rise of 
temperature will cause its centre of gravity to rise by 
just the amount through which it (i.e. c.g ) is lowered 
by the expansion of the rod downwards due to the same 
rise of temperature. 

(ii) Harrison’s gridiron Pendulum. The principle 
of the instrument is explained by reference to fig. 16(a). 
expand X'X represent two rods of iron and brass res- 
pectively, EF is I of CD, As the co-eiBficient of linear 
expansion of brass is I times that of iron, it is evident 
that the expansion of iron rod will be equal to that of 
the brass rod to whatever temperature the two bars 
may be heated. The rod CD is fixed a|: C and expands 
downwards, while the rod EF expands an equal dis- 
tance upwards, therefore the distance of F from (7, 
i,e, the effective length of the pendulum remains un- 
altered, whatever the variations of temperature. 

Such a fonai of pendulum would be rather awkward 
to use, therefore the pendulum is given the form as 
shown in fig. 16 (&). The iron bars are shown black 
and the brass bars white. The expansion of iron 
rods tends to lower the pendulum bob, while that of 
brass rods tends to raise it. The total length of 
iron rods is 1^ times that of brass rods, therefore the 
expansion of two sets of bars will be equal and opposite 
and thus the distance between the centre of suspension 
and the centre of the bob will remain unaltered. 

{Hi) In chronometers and watches, the balance- 
wheel controls the time. The period of vibration in- 
creases with increase of dimensions, for a larger wheel 
will oscillate more slowly than a smaller one under the 
same force ; moreover the elasticity of the hair spring 
decreases with rise of temperature. Due to both these 
causes, a rise of temperature makes the watch go 
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slowly* To remedy this, the circumference of the 
wheel is made of two metals, the outer one being more 
expansible. The circumference is further 
divided into 3 parts, each part being 
supported by one spoke. The effect of 
rise of temperature on such a wheel is 
that the point of the segment near 
the end of the spoke will be pushed 
out from the centre as the spoke 
expands ; while the one far away from Fig. 17 
the spoke will curl towards the centre of the wheel, on 
account of the greater expansion of the outer metal and 
the attached screw weights. By proper adjustment 
exact compensation may be obtained. 

96. Metallic Thermometer. It consists of a long 
spiral made up of 3 strips of silver, gold and platinum, 
soldered so as to form a single 
ribbon. Silver being most expan- 
sible of the three is placed inside, 
then gold and then platinum on 
the outside. At the lower end, 
the spiral carries a pointer, which 
moves over a dial graduated in 
degrees. As the spiral winds or 
Unwinds with fall or rise of tempe- 
rature, the pointer moves over the 
dial and denotes the temperature. 

The instrument is only of historic Fig. 18 

importance now and is of no practical utility. 

97. Expansion of Liquids. As liquids do not 
possess any shape of their own, but assume the shape 
of the vessel in which they are poured, their linear or 
superficial expansion cannot be constant and thus their 
measurement serves no purpose. The cubical expansion 
however, is constant and is the one which is measured. 
But the problem becomes a bit difficult ; because when 
heat is applied, the containing vessel also expands and 
its internal volume increases. The liquid must first com- 
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pensate for this increase in volume, before its expansion 
can be made visible. Consequently the expansion that 
is observed, is the difference between the real expansion 
of the liquid and the expansion of the vessel. Thus 
liquids have two kinds of expansions : (i) the real and 
{ii) the apparent. 

Show that the real co-efficient of cubical expansion 
of a liquid is equal to its apparent co-efficient of cubical 
expansion plus the co-efficient of cubical expansion of the 
material of the vessel. 

Let Fo= volume of the liquid at 0^ 

and ^=rise of temperature 

Fj.= real volume at f and (7r=real co-efficient of 

expansion. 

Fa= apparent ,, f and Ca=apparent co-efficient 

of expansion 

and C=: co-efficient of ex- 
pansion of glass 

Va the apparent volume at r must be equal to 
Fo(l + (7rti) for the apparent increase in volume is evi- 
dently equal to V^Cat. ^ 

Vr the real volume at f=: Vq (1 + 6^)? for the re^l 
increase in volume = VoCj.t. 

Also Fy the real volume=Fa the apparent volume 
plus the increase in volume of the vessel, which Is 
equal to VaCt. Thus V,= Va{l + Ct). 

Writing these equations we get 

Va^Vo{l + Cat) (e) 

Fr=Fo(i+c;o Hi) 

V,-Va{l+Ct) (lii) 

Substituting the value of Va from equation (/) in 
equation (^^^), we get 

Vr=Vo{l+Cat)il + Ct) iiv) 

As the left-hand expressions of equations (it) dbnAHv) 
are equal, therefore the right-hand expressions must 
also be equal. Thus 
Fo(l + (7rO=Fo(l + 0,0(1 + C^) 

or = Cajt + (?< + CaCt^- 

Neglecting the product of Ca and C which are very 
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small quantities and dividing by we get 

Cr-Ca+C. 

The relation is of great importance, for knowing the 
apparent co-efficient of expansion of the liquid and the 
co-efficient of expansion of the material of the vessel, we 
can find out the real co-efficieiit of expansion of the 
liquid. 

98. To determine the co-efficient of apparent 
expansion of a liquid by the Weight Thermometer* 

The Weight Thermometer fig. 19, usually consists of 
a cylindrical glass tube of about 6 c.c. capacity, ending 
in a fine capillary tube bent as shown in the figure. 

In order to find (7a, the apparent co-efficient of 
expansion, the instrument is thoroughly cleaned, dried 
and weighed. Let it be wi. It is then filled to the 
brim by alternate heating and cooling with the liquid, 
the co-efficient of expansion of which is required. It 
is then left for a short time in the atmosphere 
with its open end dipping well below the 
liquid level, until the whole instrument 
acquires the temperature of the atmos- 
phere, T,he instrument is then wiped dry and 
weighed again and let it be wv 

The instrument is kept in a steam bath 
maintained at temperature t 2 ^C, On account 
of the gi^fiter expansion of the liquid, some 
of it will be forced out The instrument is 
then taben out of the steam bath, dried and 
allowed to ,cool. The liquid in the instru- 
ment contracts, leaving some spac eempty at 
the top. Weigh this again and let it be Fio. 19 
denoted by 2^3. 

The mass of the liquid which remains after heat- 
ing is Ihe mass which overflows is 

Thus — grammes when heated through 
will occupy the same volume as is occupied by the 
total mass, i,e. that which remains and that which has 
overflown, ov + Now at the 

same temperature the volumes are proportional to the 
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corresponding weights, hence a volume proportional to 
w^-’Wx increases by a volume proportional to 
when heated through f/— 

/. the apparent co-efficient of expansion 
^ 1 

^ 7^ — To 

w^ — wi 4—^1 

^ ^ Mass of liquid expelled 

Mass of liquid left behind at the higher temp. X rise of temperature 

Dulong and Petits* direct method of measuring 
the absolute co-efficient of expansion of a liquid. 

The apparatus as shown in fig. 20 is a U-tube, 
of which the two limbs AB and CD are vertical, 
while the communicating arm BC is horizontal. 


Both the limbs are 
surrounded by wide 
glass tubes. A thermo- 
meter in each of these 
tubes denotes their 
temperatures. The 
liquid whose co-effi- 
cient is required, is 
poured into the U-tube 
and stands at the same 
level in each tube. 
Steam is passed from 
the topx in the tube 
surrounding the limb 
CD and ice-cold water 
IS made to circulate 
from the bottom^ in the 
tube surrounding the 
limb AB. As the 
temperature of the 
liquid in the limb CD 
rises, its density de- 



creases and its level is Fia. 20 


seen to rise higher than that of the liquid in the limb 
AB. To prevent the flow of heat along (7B, a piece of 
muslin is made to surround the tube at E and ice-cold 
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water is constantly poured over it. When the tempera- 
tures of AB and CD become steady, their heights \ 
and ^ 2 ? temperatures ti and respectively, are 

measured by a cathetometer.*** 

The pressure at points B and C in the same hori- 
zontal line must be the same, when the whole system 
IS in equilibrium. 

Therefore 

where d^ and the densities of the liquid at 

temperatures ti and respectively, 
or hidi^hjdj 
d\ 

di 


or 


But — =1-J-Cd, {ride Article 94) 

d2 


/. 1+ , (subtracting 1 from both sides 

and dividing by t) 

we get . 

hyt 

Uulong and Petit observed by this method that 
the co-efficient of expansion of 
mercury increases with rise of 
temperature. 

99. Expansion of water. 

The expansion of water pre- 
sents some interesting peculi- 
aiities and is conveniently stud- 
ied with the help of the in- 
strument known as Hope’s ap- 
paratus. It consists as shown 
in fig. 21 of a tall metal jar A, 
having two side-openings fit- 
ted with thermometers, Ti and 
l 2 * It IS suriounded at its 
centre with a circular trough, 
which is fil led w ith freezing Fio. 21 

*A cathetometer is a low-power telescope, which can slide up and 
down a \crtical graduated scale. 
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mixture containing ice and salt. A is filled with water, 
which is cooled down to lO^C. As cooling proceeds, the 
temperature of the lower thermometer goes on falling, 
while that of the upper thermometer remains unaffected. 
But when the temperature of the lower thermometer 
leaehes about 4°C. the temperature of the upper one 
begins to fall and continues to do so till it reaches 0°C 
If the action of the freezing mixture continues still 
further, a thin crust of ice may be formed on the uiiper 
surface of water, while the temperature of the watei 
down below, still remains 4°C. 

These facts are explained as follows: — The freezing 
mixture cools the water adjacent to it which contracts, 
becomes denser, goes down and causes the tempe- 
rature of the lower thermometer to fall. This con- 
tinues as long as a fall of temperature causes con- 
traction. But as soon as the temperature reaches 
4°C., any further lowering of the temperature causes 
the water to expand rather than contract and makes it 
go up and lower the temperature of the upper thermo- 
meter to O^C. The lower thermometer however, 
remains stationary at 4'^C. and shows that water 
must have maximum density at that temperature. 

The fact that water has its maximum density at 
4°C. is ot great importance in Nature. During severe 
cold, the temperature of the whole water in lakes and 
seas goes on decreasing upto 4^C. but after that the 
temperature of the upper layers only falls and they 
may be frozen into ice, while down below there will be 
liquid. Thus the lives of aquatic animals are preserved. 
As water oxjiands on freezing, therefore ice floats on 
the surface, and the wliole mass of water is prevented 
from being frozen into ice. 

100. Expansion of Gases. No notice has been 
taken of the pressure to which a solid or a liquid has 
been subjected during expansion, for the simple reason 
that the co-efficient of expansion of a solid or of a liquid 
is not appreciably affected by changes of pressure; but 
the volume of a gas depends not only on its tempera- 
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ture but also on the pressure to wliuli it is subjected. 
Thus in the case of ^jascs, the volume vanes with two 
factors, i e. Pressure and Temperature; hence tlie state 
of a given mass of gas depends upon three variables — 
volume, pressure and temperature; and any one of them 
may be determined, wlien tlie other two are known. 
To determine the relation between these quantities, 
resort to experiment If all the tliree (piantities be 
allowed to vary at once, then the cause of the change 
cannot be ascribed to any particular factor; we th(‘re- 
fore keep one variable constant and allow tin*, other two 
to change and study the eftects produced This neces- 
sitates three sets of experiments to b{‘ perFormed. 

{i) Relation between pressure and volume, when 
temjierature is constant. 

(ii) Eelation between volume and temperature, 
when jiressurc is constant. 

{ill) Relation between pres- 
sure and temperature, when 
volume IS (*onstant. 

101. Relation between 
volume and pressure of a gas 
at constant temperature. The 
relation between the pressure p 
and the volume v is studied with 
the help of the Boyle’s law appa- 
ratus shown in fig. 22. A gradua- 
ted tube AB has a closed end at 
A ; and is connected, at the other 
end to a mercury reservoir con- 
sisting of a wide-mouthed tube 
Z>, by means of a long tliick 
India-rubber tubing BC- The 
reservoir is attached to a slid- 
ing panel capable of vertical 
motion along a graduated scale 
E, This arrangement is very 
convenient to read the level of Fig. 22 

the mercury in the reservoir. To find the relation be- 
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tween panel the following operations are performed: — 
The tube is filled with dry air and the reservoir is 
raised or lowered till the level of mercury in the tube 
and the reservoir is the same; the readings are no- 
ted. Barometer is read to give the atmospheric pressure. 
After this the leservoir is raised every time through 
about 20 cms., the mercury surface in the tube 
as well as in the reseiwoir is read and the observations 
noted in the following way. — 

Temperature ot air = 

Atmospheric pressure in cnis. of niercury= 

Mercury Mercury Total Volume 

surface in sui face ill Head of Pressure, of air. p, v* 
the tube, reservoir. Merc ury. (p) (r) 

1 2 3 4 5 6 


The liead of meremry is given by subtracting the 
reading in column no. 1 ^ 

from that in column no. 2. 

The volume is given directly 
by the reading in column 5 g 
and the total pressure is a 
given by adding the atinos- 
phene pressure P to tlie head ^ 
of mercury. It will be seen 
that the value m tlie last 
column will be constant © 
within experimental errors. 

Thus at constant tern- Fig. 23 

perature the product ^ of the volume of a gicen mass of 
gas and the pressure to which it is sulgectedi remains 
constant. This statement is known as Boyle s law. 

It is written as P, V=K. 

• The curve shown in fig. 23 ^represents graphically 
*The curve shows the relation of 10 volume-units of the gas subject 
to 10 pressure-units. If the volume is reduced to 5 units, the pressure 
increases to 20 units, so that the product of P and F=100. Such a curve 
IS known as rectangular hyperbola. 
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the relation between P and when the temperature is 
kept constant. Such a curve is known as an Isother- 
mal. All gases do not obey Boyle’s law rigidly. Even 
the so-^called permanent gases, such as oxygen, hydro- 
gen, helium etc. obey this law at ordinary temperatures, 
but present great divergence at low temperatures, near 
their boiling points. A gas, which obeys Boyle’s law, 
is termed a perfect gas. 

102. Relation between volume and temperature 
of a gaS) at constant pressure. This relation is the 
one, we have considered in the expansion of solids and 
liquids, L e, we have to detennine the co-efficient of 
cubical expansion of gases umler the influence of tem- 
perature. As the expansion of gases is much more 
than that of solids or liquids, f therefore the expan- 
sion of the vessel containing the gas may be neglected 
in comparison to the expansion of the gas. Thus 
the real and apparent co-efficients of expansion of 
a gas will difler by a negligibly small quantity; 
and in practice, it is the apparent co-efficient, which 
is measured. The 
two important ex- 
perimental methods 
of determining the 
above relation are*— 

(^) Gay Lussac’s 
and {it) Regnault’s. A 

(e) Gay Lus- 
sac^s method. Gay 

Lussac’s apparatus 
is shown in fig. 24. 

A long thermomet- 
ric tube A with a 
spherical bulb is 
graduated and filled with dry air ; a short column of 



Fig. 24 


t Expansion of air is nearly 20 times that of mercury, and 9 times 
that of water. 
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mercury is left in the stem of the tube to serve as 
index. It is placed for a very long time in a vessel V 
containing molting ice. The temperature 0° is denoted by 
the thermometer T and the volume is given by the 
position of mercury iiuh'x. After this the vessel is heated 
and its temperature begins to rise slowly. The temperature 
t is noted when the Iniiiid in the vessel V is boiling and 
the volume Tj is noted by reading the index position. 
Trom these ob.scrvatioiis we get Cv, the oo-cllicient of 
expansion at constant pressure, by the formula: 

t'v= or V,= V^ (t + ej) 

Gan Lussac found C\=:'00375y which is much higher 
than the veal value obtained by later observei's. Me eX" 
pevimented with different gases and found the co-effi- 
cient to be the same 
for all gases. 

Note . — Gay Lus- 
sac’s method is sub- 
ject to two sources of 
error: — (t) The pres- 
sure inside and out- 
side the tube may 
vary slightly without 
any corresponding 
movement of mercury 
index and {ii) Some 
interchange may take 
place between the 
enclosed gas and the 
gas outside the mer- 
cury index. 

(ii) Regnault’s 
method. His appara- 
tus as shown in 
fig. 25 consists of 
the reservoir Aj in 
which the gas is 
introduced, and the 



Fig. 26 
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manometer BCDE. The arm B of the manometer ends 
in a fine calibrated tube, which is bent at rig:ht angles 
and is connected to the reservoir A. Near ^ is a fine 
tube T by means of which the reservoir may be ex- 
hausted, dried and filled with the gas to be experimented 
upon. At the junction of the two arms of the 
manometer is a sto[)-cock S. To jierform the experi- 
ment, the reservoir A is filled with dry gas and is 
surrounded by melting ice jilaced in a metallic sjihere 
M, whu'h comj)letely surrounds the reservoir. More 
mercury is poured in the tube DE^ till its level in the 
two arms of the manometer is in the same horizontal 
line. This adjustment is made by \arying the ([uantity 
of gas in A by means of tlie tube T. After this 
adjustment the tube T is sealed, ice lemoved from 
M and steam allowed to play freely lound A, The gas 
in A expands, depresses tlie mercury surface^ in BC 
and causes that in I)K to rise. The sto])Coek aV is opened 
and mercuiy allowed to flow till tin' level in the two 
arms is in the same horizontal line. The gas in A thus 
expands under atmospheric pressure. 

Now if the increase in volume be denoted by r c.c. 
and the volume of the gas at O^C. „ „ „ V ,, 

and ^=the temperature of steam, 

we have CV = — - 
\ X t 

Eegnault found by this method, Cy = )r3()7()5 

i 

278 ’ 

Note , — In Eegiiault’s exjieriment, the mercury in- 
dex is replaced by a mercury column and thus the 
sources of error of Gay Lussac’s experiment are obviat- 
ed; but the temperature of the gas contained in the 
part BC is not the same as that in A and therefore 
correction is essential. 

Thus w’c arrive at the conclusion that if a given 
volume of gas be heated through PC, it expands by 

i o 
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of its volume at 0°C1, provided the pressure remains con^ 
stant. The statement is known as Gay Lussac’s law 
or more often as Law of Charles. 

Caution. — It should be clearly noted that the in- 
crease in volume, per degree centigrade rise of tempera- 
ture is of the volume of the gas necessarily at 0®C. 

It will be incorrect to substitute the value of volume at 
any other temperature. In solids and liquids this sub- 
stitution does not matter much, for their expansion is 
very small; but in the case of gases, the expansion being 
very great, such a substitution will give totally wrong 
results. 

Thus F,= Fo(l + -^) 

Whenever it is required to find the volume F of a 
given mass of gas at any temperature 1\ when its 
volume ?; is given at a known temperature f, wo first 
find out its volume at O^C. and then apply the for- 
mula given above to know its volume at 

Thus Fo(l + ), where Fo= volume at 0^0 . 

273 


or Fo= 


■‘273 + ^ 


But F= Fq (1 + (substituting the value 

Z I o 

of Fo) 

We get 

^ (‘273 + <) ‘273 

„ (273 + r ) 

or F=-^ ,v 

(‘273 + ^) 


103. Relation between Pressure and Tempera- 
ture, when the volume is kept constant. The relation 
between the increase of pressure with the rise of 
temperature may be studied with the help of Reg- 
nault’s apparatus shown in fig. 26, or with Jolly’s 
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constant volume thermometer shown in fig. 26. 

To find the increase in pres- 
sure per degree centigrade rise of 
temperature, when the volume is 
kept constant, the reservoir A is 
surrounded by melting ice to re- 
duce its temperature to O^^C. and 
the pressure is so a<ljusted that the 
level of the mercury surface 
in the two arms at and F is the 
same. This means that the 
pressure of the gas is e([ual to 
the atmospheric jiressure. The 
reservoir A is heated by steam 
and the gas enclosed within A be- 
gins to expand, but is prevented from 
doing so either by pouring mercury 
in E fig 25. or by raising the tube 
Ffig. 26. Wlien the temperature 
of A becomes constant, the ditfer- 
eiice in the level of the mercury Fig. 26 
surface in B and in the open aim in either case gives the 
increase in pressure. If this be denoted by p, the 
initial baiometric pressure at (PC. be denoted by ]^q 
and the rise of temperature be eipial to ^^C , then C\, 
i.e, the co-efiic lent of increase of pressure at constant 
volume is given by 

6p=— — or 1\ the Pressure at + 

Fo ^ t 

Eegnault found that the value of Cp for all gases 
was *(X)3(i()5, whatever the initial pressure, and tins is 
very approximately equal to 1/276. This means that 
%f the temperature of a qiren mass of gas at constant 
volume he raised through PC. its j^re^stire will increase 
hi) 1/273 of its original pressure at (PC. This is known 
as co-efficient of increase of Pressure. 

104. Relation between the two co-efficients. — 

It should be noted that the co-cfficient of increase 
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of pressure is equal to the co-efficient of increase of 
volume of a gas, each being equal to 1/273. This re- 
sult follows directly from Boyle’s and Charles’ laws. For 
consider a volume v of gas at 0^0. under a pressure p. 
Suppose the gas is heated through under constant 
pressure. Then by Charles’ law, its volume will be 
equal to i;(l + 6V), where is the co-efficient of increase 
of volume. Imagine this volume at pressure p to be 
compressed at this very temperature f until its volume 
is reduced to the original volume r. Then by Boyle’s 
law, the final jiressure P is given by Pc^pv/ , 
Substituting the value of i*' 

we have Pv^pr{l^ C^t) 
or P=p(l-f 6V0 but P=jy (l + Cp.f) 




105. The Gas Thermometer. The expansion of 
gases finds a very important use in the construction of 
thermometers. It has been noted that gases expand 
uniformly and that their co-efficient of expansion is 
much more than that of solids or liquids, therefore a 
gas thermometer is more sensitive and accurate. A gas 
thermometer may take either of the two forms, i, e, the 
temperature may be measured either by noting the 
increase in volume at constant pressure or by the in- 
crease in pressure at constant volume. 

Thus t is given either by (i) f 

VoC\ 

or by («) 

^ O^p 


where Cy and Cp denote the co-efficients of the gas 
at constant pressure and volume respectively. In 
practice however, it is the latter form, which is 
very extensively used. The reason for this is that it is 
rather difficult to control the expansion in volume and 
at the same time to keep the temperature of the whole 
mass of gas constant. The apparatus used is Jolly’s 
constant-volume air thermometer shown in fig. 26- The 
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formula employed is that ;2;iveii in equation (it) above; 




Here Pq is determined once for all at O^C., (7^= 
1/27B and P^ is equal to H, the barometric pressure at 
the time of the experiment, + or— the difference be- 
tween the level of the mercury surface in the two arms. 

As the properties of air remain unchanged through 
a very long range of temperatures, air thermometer is 
used to determine very high and very low temperatures 
and is in fact the standard with which other thermo- 


meters are compared. 


JV.B. — The drawbacks of such a thermo- 
meter are: — U) It is not easily portable, (ii) It 
cannot be graduated once for all, because 
graduations depend upon atmospheric pres- 
sure and iiii) Exact determination of Baro- 
metric pressure is required at each measure- 
ment. m- \ 0 

106 Absolute temperature Supi)ose an 
air thermometer gives temperatures by increase 
of volume at constant pressure, and that at 
0°C. the volume of a given mass of air is 273 
units; evidently its volume at lOO^'C. will ' ^ 
become 373 units. Now divide the distance 
between O^C. and lOO'^C. into 100 ecjual parts $ 
then each division aviU correspond to 1°C. § § 

Carry this method of division down the scale o t 
below O^C.; then at the bottom when the ^ S 
reading will be —273^0. fig. 27, the gas at ^ ^ 
this temperature should have no volume, if it 
were to obey Charles’ law quit^' rigorously ,for 
at this temperature the gas being thoroughly 
devoid of any volume and pressure shall have 
no heat. This temperature is known as 
the absolute zero. Temperatures measured ^ ,^75® 

from — 273^'C. as zero, are called absolute 
temperatures and the scale so constructed is Fig. 27 
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called tlio absolute scale. In practice however, it 
is impossible to attain such a condition, for all gases 
do liquefy and freeze before this temperature is reached. 

The absolute temperature of a body is its tempe- 
rature measured from the absolute zero. Thus O^C. is 
273° absolute temperature and 100°C. is (273 -h 100) 
=373° absolute temperature and so on. 

If temperatures be measured on the absolute scale, 
then it can be shown that the volume of a given mass 
of gas at constant pressure is proiiortional to its abso- 
lute temperature and similarly its pressure at constant 
volume is projiortional to the absolute temperature. 
Thus if Fg Ti denote volnm(‘s of a given 

mass of gas at t 2 and ^i° Centigrade and T"o denotes the 

volume at 0°C. then we have F 2 = — 

273 

and ri=Fo(l+ -tV) 

273 

=: where Tz and 7’j are the 

Vi 27‘6 + ti IV 


absolute temperatures. 


Hence 


T., T{ 


Similarly if Pg and Pj were to denote the corres- 
ponding pressures at tf and respectively, when the 
volume is kept constant, and Po were the pressure 
at OOC. 


Then we have P 2 =/''o(l -I- ) 


Pi=^Po{l + ~') 

. P2_273 + #2 

" P, 273-1- tj Pi JV 

Hence 
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Relation between Pressure^ Volume and Tem- 
perature of a gas. 

Let P= Pressure, 

Volume, 

and y=Absolute temperature. 


From Boyle’s law, we have T"oc 


P 


,when T is con- 


stant; and from Charles’ law we l.a/e VocT, when F is 
constant. 


/. when both P and I’ vary 

T 

we have Foe — 

P 


T 

or F=7?.— , where 11 is a constant. 


pf _ 7 , _p^r 

T 


where P', and T* denote another s(d. of values of 
pressure, volume and absolute temperature respectively, 
for the same mass of ^as. The above is a very impor- 
tant result, which can be used to find the volume of a 
given mass of gas at any pressure and temperature 
when its volume at a known pressure and temperature 


is given* 

Table of Co-efficients of Expansion, 

1. Linear co^efficients of solids. 

Aluminium 
Brass 


Copper 
German silver 
Glass 
Gold 

Iron (castj 

Lead 

Nickle 

Platinum 

Quartz 

Silver 

Tin 


0-000022 

0-000019 

0-000017 

0-000018 

0-0000084 

0-000014 

0-000011 

0-000028 

0-000013 

0-0000089 

0-0000027 

0-000019 

0-000023 
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Zinc 

0-000029 

2. Real co-^efficients of liquids 

Aniline 

0-00085 

Alcohol (methyl) 

0-00122 

Alcohol (ethyl) 

0-00110 

Benzene 

0-00124 

Brine 

0-00043 

Carbon Bisulphide 

0-00121 

Chlorofoi'm 

0-00126 

Ether . . . 

0-00163 

Glycerine 

0-00053 

Mercury 

0-000182 

Nitnc acid 

0-00120 

Sulphuric acid 

0-00057 

Turpentine 

0-00095 

Water 

{ 0-00050 
[ 0-00030 


SUMMARY 


Co-efficient of linear expansion of a substance is the in- 
crease m length per unit length, per unit degree centigrade 
rise of temperature. 

Co-eflFicient of Cubical expansion IS the increase in volume 
per unit volume, per unit degree centigrade rise of tempe- 
rature. 

Co-efficient of cubical expansion of a substance is three 
times its co-efficient of linear expansion. 

Compensated pendulum and wheels are so constructed 
as to keep their time the same when variations in tempera- 
ture take place. 

Space must be allowed for the expansion of girdeis and 
other metal parts m the construction of bridges. 

Co-ef£cient of apparent expansion of a liquid is the apparent 
increase in volume per c.c., per degree centigrade rise of 
temperature. 

Co-efficient of real expansion of a liquid is the real increase 
in volume per c.c , per degree centigrade rise of temperature. 
The real co-efficient is equal to the apparent co-efficient 
and the cubical co-efficient of the substance of the vessel. 

Weight thermometer method gives the apparent co-effi- 
cient of expansion. 

Balancing-column method gives directly the real co-effi- 
cient of expansion. 
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Water has its maximum density at 4^C. 

BoyIe*s law. The product of the pressure and volume of 
given mass of gas at constant temperature remains con- 
stant. A graph showing such relation is known as an iso- 
thermal. 

Charles* law. The volume of a given mass of gas in- 
creases by of its volume at O^C. for l^C. rise of tem- 

perature, provided the pressure remains constant. The 
pressure of a given mass of gas increases by of its pres- 

Jilo 

sure at O^C. for l^C. lise of temperature, piovided its volume 
remains constant. 

Perfect gas is one, which rigidl^" obeys Boyle’s law. 
Temperatures measured from— 273^'C. as zero are known as 
absolute temperatures. 

The iiiciease in pressure of a gas at constant volume is 
used to measure temperatures by Air Thermometer. It is 
very sensitive and reliable. 

EXAMPLES 

1, The length of a copper rod at 50^0. is 2‘0U16G me- 
tres and at 200^0. it is 2’OOG84 metres. Find its length at 
0 C. and the co-efficient of exjiansiou of coppei . (C.U. 1916j. 

Let Lq be the length at O” and c the co-efficieut of cop- 
per. Then we have 

200T6G=Zo(l+60c) (t) 

and 2(K)684=Lo(l+200c) (ii) 

^ , 200166 _ l+SOc 

Dividing W by Ue), we get 

whence c=0‘0000166 

Substituting this value of c m equation (e), we get 
200’166=Xo( 1 + 50 X ’0000166) 
whence Zo = 109 9998 cms. 

2. The density of mercury at O^C. is 18’60 and at 
lOO^C. it IS 13 35. Calculate the co-efficient of absolute ex- 
pansion of mercury. 

We have c =^7 

^ 18*60-13’35 
® 13 35X100 

=•000185 
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3. A long glass tube of uniform capillary bore contains 
a thread of mercury, which at 0° is 1 metre long. At lOO^C. 
it is 1*65 cins. longer. If the co-efficient of expansion of 
mercury be ‘000182, find the linear co-efficient of expan- 
sion of glass. 

Suppose the area of cross-section of the tube — 1 sq. cm. 
Then the original volume of mercury = 100 c. cs and the 
increase ought to be equal to 100 X 100 X *000182 = 1 82 
c. cs ; but the apparent increase is equal to 1 65 c. cs. 
.*. glass has increased in volume by 1*82 — 1*65= 17 c. c. 

17 

.*. its co-efficient of cubical expansion = — ^ ^^^ = *000017 
and its linear co-efficient, which is Vs of cubical co-efficient 
= -^^—= 00000567. 

4. If the co-efficients of cubical expansion of glass and 
mercury are 000025 and 00018 respectively, what fraction 
of the whole volume of a glass vessel should be tilled with 
mercury in order that the volume of the empty part should 
remain constant, when the glass and the metcury aie heated 
to the same temperature. 

It means the increase in volume of glass and mercury 
for any rise of temperature should be the same, i e if the 
total volume at 0® of glass be To and a portion ceKobe 
mercury, where x is a proper fraction. 

Then 7o X ^ X ’1^00025= sc7oX < X*00018 
^•000025_ 5 

whence*- 7^^- ^-139 
2 .e. the glass should be filled of its volume with 


mercury. 

5. Amass of gas is heated from 15 C. to 80^0. Calculate 
its final volume, if it initially occupied 225 c.cs., pressuie 
remaining constant. 

V V'' 

We have — = -y 


125 


or == 


273+15 ~ 
353 

2«8 1 


V' 

273+80 
153*2 c.cs. 
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6. A steel vessel used for storing compressed carbon 
dioxide has a safety valve, which opens when the pressure 
IS 135 lbs. weight per square inch above that of the atmos- 
phere, which may be taken as 15 lbs. wt. per sq. inch. At 
27°C. the pressure of the enclosed gas is 100 tbs. wt. per sq. 
inch. At what temperature will the valve open, if the vessel 
were heated. 

P P' 

We have— = — 

JW _ ^ 

300" T' 


or r^=450 ; which is equal to 450-273 = 177°C 

7. Assuming that the maximum summer temperature 
IS 45 C. and the minimum winter temperature is 2*^0. what 
allowance shall be made for expansion between successive 
rails each 20 feet long ’ Co-efficient of linear expansion of 

steel ='000012. 


8. A cube^of which the sides are 100 cms. each'at 0°C 
IS raised to 100 C. If each of the sides becomes 101 cms. 
find the co-efficients of linear and cubical expansions. 


9. Find the density of silver at 175° 
10°C. being 10'30 gms. per c.c. 


(C.U. 1918) 
its density at 


10. The co-efficient of apparent expansion of glycerine 
m glass is ’000503 and Its co-efficient of real expansion is 

’00053. Find the linear co-efficient of expansion of glass. 

11. The co-efficient of absolute expansion of mercury 
18 ’00018. the co-efficient of linear expansion of glass is 
’000008. Mercury is placed in a graduated tube and occupies 

100 divisions of the tube. Through how many degrees must 
the temperature be raised to cause the mercury to occupy 

101 divisions ? {London Matric.) ^ 


12. At a pressure of 80 cms. a gas has a volume of 
750 c.cs. At N.T.P. its volume is 800 c. cs. What was the 
original temperature ? 

13. Find the value of .R in the equation pv=ST ior 
oxygen and hydrogen, given that the mass of one c c. of 
oxygen at 0 C. and 15 lbs. wt. per sq. inch pressure is' 09 
pound and one cubic foot of hydrogen under the same con- 
ditions has a mass of ’006 pound. 

14. A given volume of air at 740 mms. pressure is at 
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17°C. What is the temperature, when its pressure is 1850 
mms.? {London Inter) 

15. 200 c.cs. of air at 15®C. is raised to 65*^0. Find the 
new volume, the pressure remaining unchanged. (C.U. 
1915) 

EXAMINATION QUESTIONS V 

1. Distinguish between heat and temperature. Does 
a thermometer measure heat or temperature? 

2. Describe Six^s Maximum and Minimum Thermome- 
ter. 

3. Convert the following temperatures (a) 80°F. to C. ; 
(6)-40'' F. to C and (c) lO'^C. to F. 

4. What IS the relation between the real and apparent 
co-efficients of expansion of a liquid ? Give a method of 
finding the apparent co-efficient of expansion ? 

5. Describe Hope^s experiment to show that water 
has its maximum density at 4°C. 

6. Assuming the truth of Boyle’s and Charles’ laws, 
prove that pv^RT. 

7. Describe the construction and principle of a constant 
volume air thermometer. How can it be used to measure 
the boiling point of carbon dioxide ? 

8. What do you understand by absolute scale of 
temperature ? Why is it important in the investigation of 
gaseous laws ? 



CHAPTER IV 

CALORIMETRY 

107 . Heat a measurable quantity. We have al- 
ready distinguished between heat and temperature and 
have also considered in detail the methods of measuring 
temperature. Now it is necessary to devise methods 
of measuring heat. It has been said that temperature 
corresponds to level of liquid, while heat corresponds 
to quantity of liquid. Just as the quantity of liquid 
in a vessel diminishes as the level of the liquid in it 
falls, similarly the quantity of heat in a body dimi- 
nishes as its temperature is lowered. Further as the 
diminution in quantity of the liquid for a given fall in 
liquid-level depends upon the area of cross-section of 
the vessel, similarly the diminution in the quantity of 
heat in a body for a given fall of temperature depends 
upon the mass of the body. Lastly as the weight ot 
the liquid, which has escaped from the vessel depends 
also upon its density] so does the quantity of heat in 
a body depend upon its nature^ i e, upon its specific 
heat, which we will define presently. Thus IF (the weight 
of liquid)=/ (the fall m level) x a (the area of cross- 
section) X d (the density) and Q (the quantity of heat)=^ 
(the fall in temp ) X /u(the mass of the substance) X s 
(the specific heat). 

To show the last result experimentally^ let us take 
a block of ice fig. 28 and a copper ball. 

Heat the ball to lOO^C. by holding it in 
the tube of a hypsometer and transfer 
it quickly into the ice. Some of the ice 
will melt and will be converted into 
water. Collect it and weigh, when the 
temperature of the ball itself has been 
lowered to that of ice. Thus the ball m 
cooling from 100® C. to 0®C. has given 

227 



Fig. 28 


228 


HEAT 


up SO much heat as has melted a certain amount of ice. 
Kepeat the experiment with a ball, whose mass is double 
that of the first, we will find that the amount of ice 
melted is twice as much as in the former experiment. 
Similarly, if the first ball were heated initially to 200^0. 
instead of lOO^C. we shall find again that twice as much 
ice melts as in the first case. Thus the quantity of heat 
given out hy a body is directly proportional to its mass 
and also to the fall of temperature. Again if we were to 
take two balls of equal masses but one of copper and the 
other of lead and were to repeat the experiment, we 
shall find that the quantity of ice melted is much less 
in the case of lead than in the case of copper. Hence 
the quantity of heat given out depends upon the nature 
of the substance and this difference is said to be due 
to difference in their specific heats. 

Hence the quantity of heat Q given out by a body 
in cooling from temperature t^ to (mass) x 

X s (the specific heat). 

108. Unit of heat. To measure a quantity of 
heat, we have to fix a unit. The unit chosen is that 
quantity of heat, which raises the temperature of a unit 
mass of water through unit degree. 

Thus in the C.G.S. system, the unit of heat is the 
quantity of heat, which will raise the temperature of 
one gramme of water from 0®C. to 1®C. and it is known 
as a Therm or a Calorie or a gram degree. 

While in the F. P. S. system, the unit of heat is 
the quantity of heat, which will raise the temperature of 
11b. of water from0®r. to 1®F. and is known as a British 
Therm unit, 

N. B. As the quantity of heat required to raise 
the temperature of a gramme of water from 0® to 1® is 
practically the same as that required to raise it from 
any temperature to the next higher one in the C. G. 8. 
system, hence a calorie may be defined as the quantity 
of heat required to raise the temperature of one gramme 
of water through 1®C. 

109. Specific heat. Specific heat of a substance is 
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the quar^tity of heat^ measured in therms or c«Zories, 
necessary to raise the temperature of one gramme of that 
substance through 

It may also he defined as the ratio of the quantity of 
heat required to raise the temperature of a given substance 
through a certain range to the quantity of heat required to 
raise the temperature of an equal mass of water through 
the same range. Thus if Q units of heat are required to 
raise the temperature of amass of water through and 
Q' units are required to raise the temperature of an 
equal mass of a given substance through the same 

range of temperature, then the specific heat. 

Thermal Capacity. Thermal Capacity of a body 
is the quantity of heat necessary to raise the temperature 
of the given body through fC- It is evidently equal to 
the product of the mass of the substance and its 
specific heat. Thus the thermal capacity of a body 

X s. 

The total quantity of heat, gained or lost by a body 
during a given change of temperature^ is equal to the pro- 
duct of the mass of the body into the specific heat of the 
substance of the body into the change of temperature 
considered^ i,e, Q=mxsy.t 

110. Water-equivalent. Water-equivalent of 
a body is the mass of vcater^ whose thermal capacity 
is equivalent to that of the body. Thus if w denotes 
the water-equivalent of a calorimeter of mass m and 
specific heat s, then m X s\ i e. the water-equivalent 
of a body is the mass of water, which requires the 
same amount of heat to raise its temperature through 
1®C. as is required by the body for the same purpose ; 
and is equal to the product of the mass of the body 
and its specific heat. In making calculations of the 
ultimate temperature attained, when heat is transferred 
from one body A to another JB, it is assumed that 
no heat is wasted but that the whole of it is utilized in 
raising the temperature of the body to which it is 
transferred. 
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Thus, Heat lost I /Heat gained 

by a body or set of bodies by a body or set of bodies. 

Determination of water-equivalent of a calori- 
meter. Take a clean dry calorimeter with a stirrer, 
weigh it ; then fill it about one-third with cold water 
and weigh it again. Hence find the mass of water 
taken. Heat water in a beaker approximately to a 
temperature, as much above that of the atmosphere, as 
the temperature of cold water is below it. Note the 
temperature of cold water and that of hot water in the 
beaker; pour hot water into the calorimeter quickly. 
Stir the mixture, note the final temperature and weigh 
again. Enter yoar results as follows: — 

?<7i=wt. of empty calorimeter 

,, ,, +cold water 

^1= temperature of cold water and calorimeter 
^2= temperature of hot water 
^3= temperature of the mixture 
2^3= weight of cal. + Hiixt. of cold and hot 
waters 

Heat lost==Heat gained. 

Heat is lost by hot water ; and is gained by cold 
water and calorimeter. 

Thus heat lost by hot water=(?r3 — x 
and that gained by cold water and calorimeter 

— t^l) + W ^(<3 - ti), 

where to represents the water-equivalent of the 
calorimeter. 

Equating, Heat lost=Heat gained, we get 

- ^3) - )(h - ^1) 

Theoretically ^6*= wi X s, where s is the specific heat 
of the material of the calorimeter. 

111. Determination of specific heat. Specific 
heat of a substance can be determined by three dis- 
tinct methods : (i) the method of mixture^ (ii) the method 
of fusion of ice and {Hi) the method of cooling. Of these, 
the two latter will be described at a later stage at their 
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proper places, while now we proceed to describe the 
method of mixture. 

(a) To determine the specific heat of a solid by 
the method of mixture. The solid, the specific heat of 
which is required, is put in the 
tube of a hypsomcter and is 
heated to a known fixed tempera- 
ture. During the time the solid is 
being heated, a calorimeter with 
stirrer and cover is weighed, first 
when it is empty and secondly when 
it is Vs filled with cold water. Tho 
temperatures of cold water and 
hot solid are noted and the 
latter is quickly transferred into 
the former ; the final tempera- 
ture of the mixture is noted. The 
calorimeter is weighed once again 
in order to obtain the weight of 
the solid. 

Tho following observations Fia. 29 

are taken in order: — 

1. The weight of the calorimeter 

2. The weight of the calorimeter-1- cold water 

8. Temperature of cold water =fi 

4. „ „ hot solid 

B. „ „ mixture =^3 

6. weight „ cal. + water -f- solid =^^*3 

Heat lost = Heat gained 

Heat is lost by tho solidl fHeat is gained by the 
the weight of which is 1 & j cold water and the calori- 
equal to — ] [meter. 

(e^3 — ‘W^^S(t2 — ^ 3 ) = { (w?2 — ^ 1 ) + — ^ 1 ) 

where specific heat of solid 

and „ „ the material of the calorimeter. 

The following precautions should be observed during 
the performance of the experiment — 

1. The solid substance should be in small pieces. 
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2. The temperature of the solid should become con- 
stant. 

3. The transference should be quick. 

4. The calorimeter should be highly polished and 
screened from the burner. 

5. In order to avoid error due to radiation, the tempe- 
rature of cold water should be as much below the tempera- 
ture of the atmosphere as the final temperature is to be 
above it. 

6. A sensitive thermometer should be used to deter- 
mine the final temperature of the mixture. 

(b) To determine the specific heat of a liquid. 

The specific heat of a liquid is determined by the same 
method as described above, with the modifications that 
the give 7 i liquid^ instead of water, is placed in the calori- 
meter and that the specific heat of the solid should be 
hnoicn hefoi'ehand. Then the equation to determine the 
specific heat of the liquid will be found to be 

{Wi - fr2)s(<2 -t3)={ {1C2 lCl)S + WjS [(^3 - <i). 

In this equation s, the specific heat of the solid and 
s that of the calorimeter should be known and thus 8 
the specific heat of the liquid becomes known. 

(c) Specific heat of gasea. Gases have two speci- 
fic heats • (e) at constant volume and (ii) at constant pres- 
sure, The specific heat at constant pressure is always 
gi'eater than that at constant volume ; because to 
maintain a gas at constant pressure when it is being 
heated, it should be allowed to expand against the 
external pressure. 

Thus work will have to be done by the gas and an 
equivalent amount of heat energy will be absorbed for 
the purpose, over and above the quantity of heat 
necessary to raise the temperature of unit mass of 
the gas through 1^0. The specific heat of a gas 
at constant pressure is thus always greater than that 
at constant volume. Detailed methods of finding the 
two specific heats of a gas however, are outside the scope 
of this book. The specific heat of a gas at constant 
pressure was found hy Eegnault, by allowing the gas 
under constant pressure to be heated in a spiral, kept in 
an oil-bath and then bubbling it through a calorimeter ; 
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while the specific heat of a gas at constant volume is 
obtained by tl oily’s differential steam calorimeter. 

This consists of two similar hollow spherical cop- 
per balls Pi and 
provided with 
small pans to col- 
lect water. These 
are suspended 
from each arm of 
a balance and 
surrounded by a 
steam chamber 
S. The thermal 
capacities of the 
two jjans arc 
made exactly 
equal. 

Method Both 
the hollow balls 
are exhausted and exactly counterpoised. Now one of 
them is filled with the gas and countcr[)Oised by adding 
weight w to the other pan. This gives the weight of the 
enclosed gas; 0 ] the temperature of the enclosed gas is 
also noted. Dry steam is now let into the chamber. 
Greater condensation takes place on the sphere which 
contains the gas, and this excess is found by the addi- 
tion of weight iC2 to the other pan. The temperature 
02 of steam is also noted. Then the specific heat of the 
gas at constant volume is given by /^=/c!iaS'(02 — 0 i), 
where L is the latent heat of steam. 

The advantages of a diff'erential steam calorimeter 
are that common sources of error are automatically 
eliminated and the quantity of steam condensed due to 
the empty spheres is cancelled, with the result that cal- 
culations are simplified. 

Note — Of all the solids and liquids as is evident from 
the tables of specific heats given below, water has the high- 
est specific heat. Thus water absorbs a larger quantity of 
beat in being heated and gives out a larger quantity of heat 
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in being cooled through a certain range of temperature than 
an equal mass of any other solid or liquid. On account of 
this, water is used in hot water pipes and foot warmers. 


TABLE OF SPECIFIC 

HEATS 


Aluminium 

SOLIDS 

*213 

Lead 

'031 

Brass 

*094 

Marble 

*21 

Copper 

*095 

Nickle 

*109 

Glass crown 

*161 

Platinum 

*032 

Glass fimt 

*117 

Silver 

*056 

Gold 

'032 

Sulphur 

*163 

Iron 

*114 

Tin 

*056 

Ice 

*504 

Zinc 

*096 

Alcohol 

LIQUIDS 

*62 

Petroleum 

*511 

Glycerine 

*57 

Turpentine 

*46 

Mercury 

*033 

Water 

1*00 

Olive oil *471 

GASES (at constant pressure) 


Air 

•237 

Oxygen 

*217 

Hydrogen 

3’409 

Steam 

*47 


To simplify calculations, specific heat of copper is gene- 
rally taken as 'I and that of ice as '5. 

SUMMARY 

1. Therm or gram calorie is the quantity of heat re- 
quired to raise the temperature of one gram of water 
through l^C. 

2. Specific heat. The quantity of heat measured in 
therms, winch will raise the temperature of one gram of a 
substance through 1®C. 

3. Thermal capacity of a body is the amount of heat, 
which will raise the temperature of the given body through 
1®C. It is always equal to the product of the mass of the 
body and its specific heat. 

4. Water-equivalent of a calorimeter is the amount of 
water, which will require the same amount of heat to raise 
its temperature through 1°C., as will raise the temperature 
of the given calorimeter through 1®C. 

EXAMPLES 

1. A platinum ball weighing 80 grammes is heated to 
the temperature of a furnace and then dropped into a calori- 
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meter weighing 100 gms. and containing 390 grammes of 
water at 15^0, The final temperature is observed to be 
20°C. Find the temperature of the furnace (C.U 1921) 

Let the temperature of the furnace be T. 

Heat lost = Heat gained, 

80 X -032 X (r-20) = [390 + 100 X ijS 




4 00 X5 
2 56 


^■^781*2+20=801*2 

2. 120 grams of a given liquid are contained in a cop- 
per vessel of mass 20 grams and are heated to a tempera- 
ture of 100°G. and are then immersed in 300 grams of water 
at 13°C. in a copper vessel weighing 80 grams. The final 
temperatuie is observed to be 27*5^0. Find the specific heat 
of the liquid. 

Let the specific heat of the liquid be S. 

Heat lost=Heat gained 
(1 208+ 20 X • 1 )7 2 5 = (300 + 80 X * 1 ) 1 4*5 
/S'='497 

3. A copper vessel contains 100 gms. of water at 12^0., 

56 gms. of water at 30^C. are added and the resulting tem- 
perature of the mixture is found to be 18^0. Find the water- 
equivalent ot the vessel. {London University) 

4. A piece of iron weighing 200 grams at lOO^C. is 
immersed in 20 c. c. of water at 20^0. Find the resulting 
temperature, if the specific heat of iron be *1124; the wt. 
of the calorimeter mav be neglected 

5. A mass of 700 grams of copper at 98^0. is put into 
800 grams of water at 15^0, contained in a copper vessel 
weighing 200 grams and the final temperature is noticed to 
be 21®. Find the specific heat of copper. (S. and A. 1889) 

6. 154 grams of a certain substance at 212®F. are 
placed in a vessel containing 182 grams of water at 15®C. 
and both come to a final temperature of 24®C. Calculate 
the specific heat of the body. 

7. Find the temperature of a piece of iron weighing 
10*4 lbs., which when immersed in 5*5 lbs. of water will 
raise its temperature from 14 8^C. to 26 4®C. (Sp. heat of iron 
= *119) 

8. If 50 grams of lead shot (sp. heat = *031) at 97®C. 
are poured into 75 grams of a liquid at 31®0. contained in a 
calorimeter of water-equivalent 4*5 and the final teinpeia- 
ture IS 33®C. What is the sp. heat of the liquid? 



CHAPTER V 

CHANGE OF STATE 
Liquefaction and Solidification 

112. Liquefaction. — When heat is given to a sub- 
stance, a rise of temperature may not take place. In- 
deed in some cases very large quantity of heat may be 
imparted without producing any rise of temperature. 
In such cases heat is utilized to , change the state of 
aggregation of the substance. 

Experiment. — Take sufficient quantity of ice in a calori- 
meter and place a thermometer m it. See that it denotes 
0 C. Heat the calorimeter gently and continue to note the 
temperature. Notice that the thermometer indicates 0°C. 
till the whole of ice melts. 

The change of solid into liquid state on heat- 
ing is known as liquefaction or Fusion and the reverse 
process b}^ which a liquid on cooling changes from 
liquid to solid state is called freezing or solidification. 

Melting Point. The temperature at which a solid 
changes into the liquid form is known as the melting 
point of that substance and it is the same temperature at 
which the given liquid will solidify on cooling. When the 
temperature is above this point, the substance exists 
in the liquid state; and below it, in the solid state. 
When the temperature of the solid is rising liquefaction 
occurs here and when the temperature of the liquid is 
falling, solidification sets in at the same point. What 
happens at the melting point is, that the molecular 
motion increases so much as to overcome the force of 
cohesion, which in the case of a solid ordinarily pre- 
serves the molecules in their mean positions. The 
melting point temperature is different for different 
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substances^ but for a given substance the melting point 
under normal conditions is a fixed temperature. 

Laws of liquefaction. 1. Every crystalline sub- 
stance begins to melt at a definite temperature under 
normal conditions. 


2. During the process of conversion from solid 
to liquid state, the temperature remains constant till 
the whole of the solid is converted into the liquid form : 
and the rate of conversion depends upon the rate at 
which heat is supplied to the solid. 

3. During conversion every substance requires per 
unit mass a certain amount of heat, not for any rise of 
temperature, called the Latent heat of fusion of that solid. 

4. Those substances, which contract on fusion such 
as ice, have their melting-points lowered by an increase 
of pressure; while those substances, which expand by 
fusion such as wax, have their melting-points raised by 
an increase of pressure. Thus ice begins to melt at a 
temperature lower than 0®C. when subjected to high 
pressure and wax will melt at a temperature above 
63®C. when subjected to high pressure. 

In the case of amorphous bodies such as fats, wax, 
glass, iron etc there is no definite point, sharply marked, 
at which it can be said that the substance melts. It gra- 
dually passes through a viscous condition, where it 
possesses neither the properties of a solid nor those of a 
liquid distinctly. 

Ill crystalline substances, melting point is the 


temperature at which the 
molecules arrange them- 
selves m regular oider. In 
amorphous substances there 
is no regularity of arrange- 
ment of molecules and hence 
there is no definite melting 
point. 

If ice below 0®C. be 
taken, it will belnoticed that 



on supplying heat to it, its 


Fm. 31 
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temperature will rise to 0®C., then it will begin to melt 
and its temperature will remain constant till the 
whole of it gets melted and after that the temperature 
will begin to increase again. The graph will be of the 
shape shown in fig. 31. 

Determination of Melting Point. When the 
melting point of a substance is neither too high nor 
too low, it is easily determined in the following way: — 
The solid is finely powdered and put into a thin capillary 
tube, which in turn is attached to the bulb of a thermo- 
meter by means of rubber bands. The whole is put 
into a beaker containing water, taking care that the open 
end of the capillary tube remains well above the surface 
of the liquid in the beaker. The water is gently heated and 
its temperature, when the solid in the capillary tube 
begins to melt, is noted and heating stopped. The water 
is kept well-stirred and allowed to cool and the tempera- 
ture, when the liquid in the capillary tube begins to 
solidify, is noted. The mean of the two temperatures, Le, 
that at which the melting as well as that at which solidi- 
fication begins, gives the melting point of the given 
solid. For accurate work it is necessary to perform 
two experiments, one preliminarily to know the approxi- 
mate melting point and the second, the proper experi- 
ment. In the latter case, temperature near the melting 
point is arranged to increase very slowly by regulating 
the supply of gas in the burner. 

In the case of such substances as have com- 
paratively higher melting points and do not pass 
through the plastic state, the method of cooling is resort- 
ed to. The substance is heated and allowed to melt. In 
the liquid state it is kept well-stirred, allowed to 
cool and its temperature noted after every minute till 
the liquid solidifies; a graph is drawn showing the 
relation between temperature and time. At the 
solidifying point, the temperature remains constant for 
some interval ; that temperature gives the solidifying 
point or the melting point. 

Whenever a solid is converted into the liquid form, 
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a change in volume takes place. In general a liquid 
occupies a space larger than its corresponding solid ; 
but water, iron, bismuth and antimony are notable ex- 
ceptions to the general rule. Water contracts on lique- 
faction and expands when it freezes, so is the case with 
iron. For this reason ice floats on the surface of water 
and iron floats on the surface of molten iron. Due to 
the above property, iron can be cast and sharp well- 
defined impressions produced ; while silver and gold 
which contract on solidification, have to be stamped with 
a dye. The contraction of phosphorus, on the other hand, 
prevents its adhering to the mould in which it is cast. 


The change in volume, which takes place when 
1 gm. of ice at — b^C. is heated to lO^C., is shown beau- 


tifully by means of 
the graph in fig. 32. 

The portion AB 
shows the expansion of 
ice between — 6 and 0, 
BC shows the melting 
stage when the volume 
decreases without any 
rise of temperature, CL 
the contraction of water 
between O^C. and 4^C. 
and LE the expansion 
of liquid with rise of 
temperature. 



The fact that ice is Fig- 32 


lighter than water and floats on its surface is of 
great value in the economy of Nature ; because if it were 
not so, then in the cold regions, frost in winter would 
have converted ponds, wells, lakes and seas into one 
block of solid ice by exposing fresh layers of water every 
time, and thus would have destroyed all aquatic life. 


The expansion of water on freezing takes place 
with great force. Take a hollow cast-iron bottle and 
fill it with water to the brim, screw the plug and place 
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it in freezing mixture. Notice that the bottle bursts. 

113. Regelation« Faraday showed 
that if two pieces of ice be taken, 
pressed for some time and then re- 
leased, they will be found frozen to- 
gether at the region of contact. The 
explanation of this is that the pressure 
applied lowers the melting point below 
0®C. Some of the ice at the points of 
contact melts and the temperature of 
surrounding points falls ; because heat 
is required to melt ice and that is taken 
from the adjoining points. On releasing 
the pressure the water, being below its 
freezing-point, freezes again and thus 
joins the two pieces together This 
phenomenon^ in which ice melts when sub- 
jected to increased pressure and the liquid 
solidifies again when the pressure is re- Fig. 33 
leased^ is called regelation. 

The following beautiful experiment showing the 
phenomenon of regelation is due to Bottomley: — Take 
a big block of ice and support it on two tables so that 
it bridges the space between them Place a piece of 
long thin copper wire across the middle of the block 
between the supports and attach heavy weights to each 
end. It will be observed that the wire cuts its way 
slowly through the ice, without dividing the blocks into 
two pieces. 

The explanation is that ice, immediately under 
the wire, is subjected to great pressure, it melts 
and heat necessary for the purpose is taken from its 
surroundings. The wire makes its way down and the 
water escapes to the upper surface ; being released, it 
freezes again. During the process of solidification, it 
gives out heat, which is readily conducted by the cop- 
per wire downwards, and which further helps to melt the 
ice immediately below the wire. This explains why a 
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copper wire, which is a good conductor of heat, cuts its 
way through ice more easily than iron wire and why a 
piece of string will not cut its way at all. 

The formation and motion of glacier are both ex- 
plained by the phenomena of regelation. A glacier is a 
huge mass of ice, which moves very slowly from the place 
of Its formation on high mountains above the snow- 
line to the valleys down below. The bottom layers of 
this huge mass liquefy under the great pressure of 
the superincumbent mass, flow down and solidify 
immediately. Thus in high mountains, we get large 
quantities of ice, being continually supplied liom the 
snow above the snow-line. 

114. Determination of latent heat of water. 
The latent heat of fusion of tee (jenevatlij spoken of as 
the latent heat of water is the quanfitij of heat required to 
concert one (jrani of ice into water at the same temjyera- 
tare. It is determined in the follounnij icai/s, — 

(a) Method of mixtures Take a co[)per calorime- 
ter with a wiie-gauze stirrer fig 34. Weigh 
andfillit about ono-lialf with water at a tem- 
perature of about lO^U , above the atmos- 
pheric temperature. Weigh it again. 

Take ice nearly l/8th of the mass of water 
m the calorimeter. Wrap it in a flannel, 
which will prevent its further melting. 

Break it into pieces, neither too big nor 
top small. Dry the pieces by a blotting 
paper and drop them quickly into the 
calorimeter. Stir it and note the lowest 
temperature reached, of the mixture. 

This temperature should be about as much 
below the atmospheric temperature as the 
initial tempeiatiire of the water in the 
calorimeter was above it. Bemove the 
thermometer and weigh it again. Erfuate 
heat lost by warm water and calorimeter Fig. 34 
in cooling from the initial temperature to the final tem- 
perature, with tliat absorbed by ice. 
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It should be clearly noted that ice absorbs heat in 
two instalments, first in being converted from ice into 
water without any rise of temperature and secondly in 
raising the temperature of water formed by the fusion 
of ice, from 0°C. to the final temperature of the mixture. 
Enter results in the following manner : — 

1. Weight of empty calorimeter and stirrer=ici 


2. „ „ „ etc. + warm water 

3. Temperature of water and cal = ti 

4. Temperature of the contents of cal. 

after mixing ice. = ^2 

6. Weight of cal. + water + ice added =2^3 

Heat lost = Heat gained 


[{W2 — Wi) + lCi X *l]{t\ — t2)=L{lC^--W2)+{w^— W2)h 
r— [{m — m) + wi X 

The latent heat of fusion of ice is found to be 80 
therms per gram. 

(6) Method of Ice Calorimeters. Ice calorimeters are 
used for the purpose of either 
finding the latent heat of fusion 
of ice when the specific heat of 
a given substance is known ; or 
assuming the latent heat of 
fusion of ice as 80, they can be 
used to determine the specific 
heat of the substance. 

1. Black’s Ice Calorimeter. — 

Take a block of ice about 
4// X 4'' X and make a nearly 
spherical cavity in it. Take an- 
other slab of ice and make its 
surface smooth, so as to serve as an air-tight cover for it. 
This constitutes Black’s Ice Calorimeter, fig. 35. 

The determination of latent heat of fusion of ice or 
specific heat of a given substance, is carried on in the follow- 
ing manner :—The cavity is thoroughly dried by a blotting 
paper. A solid of mass m is heated to a known temperature t, 
say that of steam, by holding it in the steam-jacket of 
a hypsometer. It is quickly transferred to the cavity and 
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the covering slab is laid over it. After some minutes, the 
solid mass will attain the temperature of ice ix, O^C. and a 
certain amount of ice will be converted into water at 
0®C. by the heat given up by the solid. 

The whole quantity of water formed by the melting of 
ice IS very carefully weighed by transferring it to a beaker 
previously weighed, the cavity and the solid being thorough- 
ly dried by means of weighed filter papers. The results 


are entered thus * — 

1. Weight of solid =?ri 

2. Initial temperature of hot solid = t\ 

3. Weight of beaker and filter papers 

4. ,, ,, after 

pouring water formed from the melting of ice =w ?3 

Heat lost=Heat gained 


This method does not require any elaborate apparatus 
and the use of the thermometer is also limited to taking one 
reading only. If s, the specific heat of the solid is known, 
L can be calculated ; and if L 
be assumed as 80, then the 
specific heat of the solid can be 
calculated from the above equa- 
tion. 

(2) Laplace and Lavoisier’s Ice 
Calorimeter. It consists as shown 
in figure »% of three copper 
vessels; the outermost A, the 
inner Hand the innermost C.The 
space between A and B as well as 
that between B and C is thorough- 
ly packed with ice. Tubes Ti and 
T 2 drain the water from inside B 
and A respectivelv. The ex- 
ternal chamber between A and B 
prevents any heat from being 
communicated to the ice in B 
from external sources, and thus 
acts as a guard. The whole Fig. 36 

apparatus as shown is kept for some time, till water alto- 
gether ceases to flow from the tube Tj. At this stage the 
heated solid, as in Black’s Ice Calorimeter, is placed m the 
innermost vessel C and the lids closed. The heat, com- 
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municated from the solid, melts some ice in B and the water 
so formed is collected by the tube Ti in a previously weigh- 
ed beaker. The calculations are similar to those in Black’s 
Ice Calorimeter. 

Both the above calorimeters, except being of historical 
interest, are of little practical value. In both cases, it is 
rather difficult to find the mass of ice melted. 

(3) Bunsen’s Ice Calorimeter. It is designed On the 
principle that when ice is converted into watei at O^C., 
a diminution in volume occurs. Know ing exactly the diminu- 
tion in volume, which 1 gni. 
of ice undergoes and also 
the total diminution, W’e can 
find out the numbei of gram- 
mes of ice melted and hence 
the quantity of heat absorbed. 

It consists of a thin->vall- 
ed test tube A fig 37, fused 
to a big glass cylinder BC ; 
the lower end of which com- 
municates with a bent tube 
CDEF, At F the tube com- 
municates with a capillary 
tube of uniform bore, having 
a scale along it. 

The upper part of BC 
contains pure distilled i>vater, 
while the lower part contains 
mercury, which also fills the 
bent tube and a portion of 
the capillary tube. Fig* 37 

In order to use the instrument, the whole is kept in 
melting ice for several hours, so that the temperature of 
calorimeter and its contents may become 0®C. A little 
quantity of solid carbon dioxide is introduced in A to freeze 
some water in B, due to local overcooling. This little ice- 
sheath is made to grow to the required size by pouring 
ether into A and blowing a gentle current of air through it. 
After this a quantity of cold Avater is introduced in A, so as 
to equalize the temperature in B to 0®C., even if it had gone 
down. The whole instiument is still kept in melting ice. 
Now to determine the specific heat, a small weighed quantity 
of the solid is heated to a known temperature and then 
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tiuickly dropped in A, Heat is communicated to the water 
contained in it, which becomes denser (for water has its 
maximum density at 4^0), goes down and gives its heat to 
ice in 7i which melts and the process continues till the 
tempeiature of all is O^C. Contraction takes place due to 
this melting of ice and the mercury-thread in the capillary 
tube recedes. By its reading, total diminution in volume 
is ascertained. Let it be v, then the total mass of ice melted 

Will be equal to grams; for *09 c c. is the decrease, 


when 1 gm. of ice melts. Heat to melt it, is given by the 
hot solid, therefore 


where Af*^ma&s of solid, the sjiecific heat and T its 
temperature. If L i\e the latent heat of watei is known, 
then we can find out S the specific heat. 

ThivS calorimeter is difficult to set u]), but is very ac- 
curate and sensitive* It is capable of measuiing iipto 1/1 0th 
of a theim It IS Used for the measurement of specific heats 
of substances procurable m small quantities Ko thei mo- 
meter IS needed, no radiation-correction to be applied and 
no water-equivalent is to be determined. 

The fact that the latent heat of water is very high, is 
of very great use in the economy of Nature. Water freezes 
slowly and thus dm mg frosty weather, onlv the upper 
layeis of lakes, seas etc. are frozen. Thus aquatic 
life IS piescived. *Snow melts slowdy and thus prevents the 
countryside fiom being flooded. If the latent heat of water 
were low, the height of the snoW’-line would have increased. 

115, Freezing Mixtures. To change solid into 
liquid state, heat is required ; this principle is made 
use of 111 freezing mixtures. Pour a quantity of ammo- 
nium nitrate into a beaker of water, observe that the 
temperature falls considerably due to the latent heat 
required to convert solid ammonium nitrate into liquid 
state — being derived from water, which is thus cooled. 
The following freezing mixtures are commonly used: — 
(1) Common salt is mixed with pounded ice, both 
change into the liquid state and the resultant tempera- 
ture goes down to — 22°C. 
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(2) Calcmm chloride and ice mixed in the propor- 
tion of 4 : 3 produce a temperature, of — 61®C. nearly. 

SUMMARY 


1 . The process of conversion of solid into liquid state 
is called Liquefaction Or Fusion and the reverse process is 
called Freezing or Solidification. 

2. The amount of heat required to convert one gram 
of a solid substance into the liquid state is called the latent 
heat of fusion of that substance. 

3. The melting of ice under increased pressure and its 
re-solidification under reduced pressure is known as 
Regelation. 

4 . Freezing mixtures are produced by mixing a soluble 
salt in pounded ice. 

EXAMPLES 


1. What amount of heat will be required to melt 15 lbs 
of lead, the initial temperature of lead being 15°C. 

( Given sp. heat of lead = ‘031 1 
Melting point of lead=320°C. > 
and latent heat of laed = 507 J 

The quantity of heat required to raise its temp, from 
to 320^ = 15 X 305 X *031 =14r825 lbs. cals. 

The quantity of heat required to melt 15 lbs. of lead 
= 15X507=7605 lbs. cals, 
the total heat required =7746 825 lbs. cals. 

2, *87 gramme of a substance is heated to 98*6^0. 
and then dropped into Bunsen’s Ice Calorimeter. The con- 
traction observed is 7*9 cubic mms. Find the sp. heat of 
the substance (L=80 and contraction per gm. of ice melted 
=*09 cubic centimetres). 

’0079 

The quantity of ice melted = — gms.= 087 gm. 


The quantity of heat absorbed=80X*087 

=6*96 therms. 

Heat given out by the solid = *87 X 98*6 X>S^ 


S=- 


6*96 


*87 X 98*6 


=*0814 


3. 10 gms. of ice at — 10°C. are mixed with 120 gms. 

of water at 80^0. Find the final temperature of the 
mixture ? 
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4. A copper calorimeter weighing 100 gms. contains 100 
gms. of water at 16^C.; 20 gms. of ice at—lO^C. are poured 
into it. Will all the ice melt? If so, what will be the 


final temperature of the mixture ? 

Given sp. heat of ice =^5 ] Loc.) 

and „ ,, „ copper= 094J 

5. 10 gms of water at 90^0. are placed m the tube of 

a Bunsen’s Ice Calorimeter and the contraction noticed is 


1*09 c.c. Find the sp. gravity of ice. 

6, A calorimeter weighing 50 gms. contains 100 gms. 
of a mixture of ice and water, 1000 gms. of copper at 90®C. 


are poured into it and the final temperature is observed to 
be 10®C. Find the quantity of ice m the mixture. Sp. heat 
of copper=0‘l 

7. If 1 c.c. of water in freezing becomes 1*09 c.c. of 
ice and the introduction of 10 gms. of a substance at 100 C, 
into a Bunsen’s Calorimeter, causes the end of the column of 


mercury to move through 260 mms. in a tube 1 sq. mm. in 


section ; find the sp. heat of the substance. 

8. Heat is continuously applied to a mass of ice at 
— lO^C. until it becomes steam at lOO^C. Trace the changes 


in volume and temperature. 



CHAPTER VI 

CHANGE OF STATE {continued) 
Evaporation and Ebullition 

116. Evaporation. The molecules of a substance 
are presumed to be in a state of motion. In solids 
tins motion of molecules is about a constant moan po- 
sition ; in liquids this is not restricted to a mean 
position, but IS hindered by frequent collisions 
AVith other molecules ; and in gases the motion is much 
more rapid due to lesser number of molecules in the 
same space. 

The heat contained in a body is supposed to be 
merely the sum of the kinetic energies of its various 
molecules ; and the effect of giving heat to a body is to 
throw its molecules in a violent state of agitation. 

In a liquid at ordinary temperature, the molecules 
near the surface of a liquid are restrained ordinarily 
from going out by the straining force of surface tension ; 
but even then some of the molecules, having greater 
velocity than the rest, manage to get out of the Iniuid. 
The higher the temperature, the greater the num- 
ber of molecules, which so escape. This phenomenon 
IS spoken of as evaporation. It is the process by which 
a liquid is converted into vapour at all temperatures. 

Experiment. Take a little quantity of ether m a shallow 
dish, see that it evaporates away quickly. Repeat the ex- 
periment with warm water. Notice that it takes a long tune 
for the liquid to evaporate. 

117. Ebullition or Boiling. We have seen above 
that evaporation continues at all temperatures, it takes 
place at the surface and is necessarily a slow process. 
If however, a liquid be heated, it is noticed that at 
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first its temperature continues to rise till bubbles of the 
gas are seen to rise throughout its mass and the liquid 
is quickly converted into vapour form, the temperature 
remaining constant till the whole of the liquid is so 
converted. Tins is called boiling or ebullition It is the 
process of conversion of a liquid into capour foi m at a 
definite temperature and throughout its mass. The ilefi- 
nite temperature is called tlie boiling point and is con- 
stant for the given liquid under the same pressure. It 
is the temperature at which the vapour of the given 
liquid exerts pressure, equal to that of the atmosphere. 

Laws of Ebullition: — 

1. Every liquid begins to boil at a definite tem- 
perature under normal pressure. 

2. Every liquid requires per gram a definite 
amount of heat, to convert it into vaiionr without any 
rise of temperature ; and that amount of heat is known 
as the latent heat of vaporization. 

3. The temperature during boiling remains con- 
stant till the whole of the liipiid is converted into va- 
pour. 

4 The boiling point of a liquid is raised by in- 
creased pressure and it is lowered 
by a fall of pressure. 

I nfl uence of pressure on the 
boiling point of a liquid. Take 
a tube with one end closed, bend 
the closed end in the form of a U 
as shown in fig. 38. Fill the 
bend and limb B with mer- 
cury, taking care that the level 
of mercury in A is loAvcr than 
that in B, introduce a little 
water in the limb B. Hold this 
in a flask containing water as 
shown, so that the bend is 
clearly above the level of the 

liquid, .... 

Heat the flask till the liquid in it begins to boil 
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freely ; observe that the mercury stands at equal heights 
in both the limbs, showing that the pressure of aqueous 
vapour in B is e(]^ual to the atmospheric pressure. This 
proves that at the boiling point, vapour of a liquid 
exerts the same pressure as exists on its surface. 

Thus by increasing or decreasing the pressure on 
the surface of a liquid, it may be made to boil at any 
temperature. The following beautiful experiment 
showing the boiling of water at a temperature consider- 
ably below lOO^C., under decreased pressure, is due to 
Franklin. 

hfeat water in a strong flask; when it begins 


to boil freely and the 
whole of the air has 
been driven away by 
the steam, cork the 
bottle, remove the 
burner and invert the 
flask on a ring as 
shown in fig. 39. Al- 
low the flask to cool 
in this position, till 
boiling stops altoge- 
ther. 

At this time tlie 
space above the liquid 
is filled with vapour, 
whicli exerts pres- 



Fig. 39 


sure and does not allow the liquid to boil at this low 
temperature. Condense the vapours by sprinkling cold 


water on the bottom with a sponge The pressure due to 
the vapour on the liquid surface will be released and 
the liquid will be seen to boil vigorously, till the space 
above is again filled with it. By sprinkling more water, 


the process may be repeated. 

At high altitudes, the pressure of the atmosphere 
is much below the normal and water begins to boil be- 


low lOO^C. Thus at Simla, which is 6700 feet above 


the sea-leve], water boils at 93*5®C. In order to cook 
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certain kinds of food, it is necessary to raise tlie tem- 
perature to 1(X)°C. For this, Papin’s Digester is used to 
raise the boiling point of 
water by increased pressure. 

It consists of a strong 
metal vessel with a lid held in 
position by a screw. In the 
lid is a valve closed by means 
of a lever, carrying a movable 
weight. On heating the 
water, the vapour given otf* 
by the liquid does not escape 
till its pressure is sufficient 
to lift the valve ; thus it 
exerts iiicreasefl pressure on 
the surface of the IkiukI and 
thereby increases its boiling 
point. By adjusting the po- 
sition of the movable weight 
along the lever, water may be 
made to boil at any conveni- 
ent temperature. 

118. Determination of 
latent heat of steam. Heat Fig. 40 

water in a tin vessel, provided with a delivery tube. In 
the meanwhile, take a copper calorimeter with a stirrer 
and cover ami weigh it. Fill it about two-thirds with 
cold water and weigh it again, the temperature of water 
being about 10° below the atmospheric temperature. 
Note the temperature of cold water. Wlien steam be- 
gins to come out freely, dry the mouth of the tube 
with a little cotton-wool and dip it in the liquid con- 
tained in the calorimeter, so as to pass steam into it. 
Continue passing steam till the temperature rises 
through about 20°C., i.e, it is about 10°C. above the 
atmospheric temperature. Remove the calorimeter and 
note the highest temperature reached. Allow the 
calorimeter to cool and weigh it again Note the atmos- 
pheric pressure. Enter your results thus: — 
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1. Weight of caL, stirrer & cover = 

2. „ „ „ „ + cold water =^102 

3. Temperature of cold water = #1 

4. Temperature of water after passing 

steam ... ... = ^2 

5. Weight of cal. + stirrer and con- 

densed steam . . . =z irj 

(). Pressure of Atmosphere = A 

mms. of mercury column 

. . Temperature of steam = 

100~'037(760-A) = f. 

Heat lost = Heat gained. 

From this the value of L, the latent heat of steam, 
is obtained. It is equal to 540 therms. 

Two points deserve special notice. The tempera- 
ture of steam is not to be assumed as 100®C. but should 
be obtained by the formula f,= 100— *037(760 — A). 
Steam loses heat in two instalments ; it gives out a 
quantity of heat in being condensed from steam into 
water, at the same temperature and then it gives out 
heat in being cooled from the temperature of steam to 
the final tc^mperature of the mixture, 

119. Evaporation The conversion of a liquid 
into vapour state at ordinary temperatures is known as 
evaporation. If it takes place in a closed space, a limit 
is soon reached; the vapour on the surface of the liquid 
becomes saturated and no more liquid can be converted 
into vapour state. At that time as many molecules re- 
turn to the liquid as leave the liquid. If however, the 
space above the liquid is not closed, but is unlimited ; 
evaporation continues steadily, but its rate is accelerated 
by the following factors: — 

1. High temperature of the liquid, 

2. High temperature of the atmosphere, 

3. Low boiling point of the liquid, 

4. Largeness of the exposed surface of a liquid, 

5. Low pressure of the atmosphere, 

6. Dryness of the atmosphere, and 
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7. Removal of the air in contact with the liquid 
surface. 

Whenever evaporation takes place, heat is required 
for the purpose If it be not supplied from any ex- 
ternal source, the heat necessary for the purpose is de- 
rived from the liquid itself and thus its temperature 
falls. It IS well illustrated by Wol- 
laston’s cryophorus, which consists as 
shown in fig. 41 of a long bent tube 
with a bulb at each end . it con- 
tains a small quantity of water with 
its vapour only and no air. All the 
water is transferred into the bulb A, 
while B IS kept in freezing mixture. 

The vapour in B condenses and 
the liquid in A evaporates so quickly 
as to lower the temperature of the liquid in it to 0®C. 
and freeze it. 

The same principle is used in refrigerating machines 
for the manufacture of ice by the evaiioratioii of licjuid 
ammonia. 

119. (n) Carre’s Freezing Machine, It consists of a boiler /if 
(Fig. 41 a), which contains a strong solution of ammonia. This 
boiler communicates l)y a bent tube with the space between two 
concentric chambers of the conical double-walled vessel called 
the freezer The whole apparatus is made of strong galva- 
nised iron plate and can bear a pressure of about 8 atmos- 
pheres. A tube IS generally inserted in the upper part of 
the boiler, this is filled with oil and carries a thermometer 
to denote the temperature* Due to its high boiling point, 
oil is used to ensure thorough contact between the thermo- 
meter and the tube. The inner chamber of the freezer 
receives a metal vessel, containing the water to be frozen. 

The process of freezing consists of two separate opera- 
tions. the boiler IS heated to a tempeiature of about 

130^0., while the freezer is surroninded bv a cold-water bath. 
The ammonia gas is expelled from the solution m the boiler 
and condenses in the space between the two concentric cham- 
bers of the freezer, due to its own high pressure and the com- 
paratively low temperature. In this process a small quantity 
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of water also condenses along with the gas. When suffi- 
cient quantity of ammonia gas has been condensed, the 
second stage of the operation begins. The freezer is covered 
thoroughly from outside with flannel or other non-conducting 
material, the cylinder containing the water to be frozen is 
placed in the interior chamber ol the freezer and the boiler 
IS surrounded by a cold-water bath. As the boiler cools, 
the ammonia gas dissolves in the water and the liquid ammo- 
nia in the jacket of the freezer rapidly evaporates. This 



the ammonia gas, the temperature of the freezer falls and 
the water m the cylinder solidifies. To ensure good con- 
tact between the water cylinder and the interior of the free- 
zer, a liquid of low freezing point is poured in between them. 
The apparatus is used only when small quantities of ice are 
required as in about IV2 hours some two seers of ice are 
thus produced. 

119 . (&) Ammonia Ice Plant. It is a vapour-compression refri- 
gerating machine. The cooling is produced by alternate con- 
densation and evaporation of the fluid used. The fluid takes 
in heat from the substance to be cooled, during evaporation 
at a low pressure ; it gives out heat, during condensation at a 
high pressure. The fluid used must not have a very low vapour- 
pressure at low temperatures, or a very high vapour-pressure at 
high temperatures. The fluids most commonly used are ammo- 
nia and carbonic acid. Ammonia has a convenient range of 
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vapour-pressures; but it acts cbemicallv on copper and brass. 
For this reason all parts of ammonia plant, that have to come 
in contact with the working substance, are made of iron. 
The apparatus as shown in the diagram consists of two coils 
of metal pipe A and B, joined above through a compression 
pump and below through the narrow regulating valve.*^ The 
coil A is surrounded by a vessel containing salt solution. 
This vessel has outlets at the top and bottom, communicating 
with a large tank in which are placed the metal vessels con- 
taining the water to be frozen. 

To freeze water, the pipes are partly filled with ammo- 
nia, which has 
been liquefied by 
pressure and cool- 
ing, and the com- 
pression-p u m p 
piston IS set m 
motion. When 
the piston des- 
cends, some of 
the liquid ammo- 
nia in A rapidly 
evaporates, the W 

latent heat’ required for the purpose is taken from the salt 
solution, and its temperatuie falls. When the piston moves up, 
the ammonia vapour is compressed and driven into the coil B, 
where it is liquefied by being cooled by the cold water cir- 
culating round it The process is repeated till the tempeia- 
ture of the salt solution falls below zero degree and thus 
water freezes to form ice. 

SUMMARY 

1 . The conversion of a liquid into vapour form at o?*dt- 
nary temperatuies is known as Evaporation The conversion 
of a liquid into vapour form at the boiliny-ponit temperature 
of the liquid is known as ebullition. 

2 . At boiling-point temperature, the vapour of a given 
liquid exerts pressure equal to the atmospheric pressure. 

*In the compression pump at the bottom, are two valves Vi and V2 
communicating separately with pipes A and B The valves open in op- 
posite directions, t e, Vg opens when pressure is applied by the upward 
motion of the piston and vi opens when vacuum is produced by the 
downward motion of the piston. Sec Fig. 41 (b). 
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3. The boiling point of a liquid falls with the fall of 
pressure. 

4 . The quantity of heat required, to convert 1 gm. of 
water at its boiling point into vapour at the same tempera- 
ture, is called latent heat of ateam and IS equal to 540 therms. 

EXAMPLES 

1. Find the amount of heat required to convert 20 gms. 
of ice into steam at 100 C. 

(i) Heat required to convert ice into water at O^C. 

=--20X80=1600 cals. 

{a) Heat required to raise its temperature from 0^ to 

lOO^C. = 20X100 = 2000 cals. 

(iii) Heat required to convert water into steam 

=20X540=10800 cals, 
the total heat required = 14400 cals. 

2. A vessel, the mass of which may be neglected, con- 
tains 250 gms. of ice at 0®C. Steam at lOO^C. is passed into 
it. Find the total quantity of water in the vessel* (a) when 
the ice has iust melted and (b) when the temperatme has 
risen to 100®C. 

(a) Let X gras, of steam be passed to convert the whole 
of ice into water, then 

a?(l00 + 540) =250X80 
or cr*=31 4 gras. 

the total amount of water will be 2504-31*4 

= 281*4 gras. 

(h) Let y be the wt. of steam condensed in the second 
case, then 2 / X 540=250(80+100) 
or 2 / =63 6 gms. 

.*. the total quantity of water in the calorimeter 
= 250+83*6 
= 333*6 gms. 

3. How many grams of ice can be melted by 40 gms. 
of steam at 200^0.? {P.U, 1925) 

4. 7 grams of ice float m water in a calorimeter of 
thermal capacity 5 calories. When 4 5 grams of steam at 
lOO^C. are passed into the calorimeter, the final tempera- 
ture becomes 50^0. How much water was there in the 
calorimeter? 

5. 50 gms. of steam at lOO^C. are passed into a mixture 
of 100 gms. of ice and 200 gms. of water. Find the rise of 
temperature, the latent heat of steam being 527. 
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6. A calorimeter weighing 70 gins, contains 150 gms. 
of a mixture of ice and water. Steam is passed into it, till 
the final temperature reaches 10®C. The weight of the 
steam condensed is found to be 10 gms. Find the amount 
of ice in the mixture. 

7. Explain the construction and action of some kind of 
practical freezing machine, that does not require a freezing 
mixture. (P.U. 1031) 



CHAPTER VII 

CHANGE OF STATE {concluded) 
Properties of Vapours 


120. Saturated and unsaturated vapours. Wo 


have already described what eva- 
poration means, but we have not 
as yet studied in detail the vari- 
ous properties ot the vapour so 
formed. For this purpose, the ^ 
instrument shown in fig. 42 is 
most useful. It consists of a 
wide glass tubing about 8(5 inches 
long, graduated in centimetres. 

It IS closed at the upper end by 
a tap 6', above which is a small 
funnel F, The other end is con- 
nected by a rubber tubing to a 
wide-mouthed glass tube K The 
tap is of a special form as shown 
separately. The hole is not right 
through it, but is half deep only. 
When a liquid is placed in the 
funnel F, each time the tap is 



Fio. 42 


turned on completely, a small quantity of it is dis- 
charged into A without the air outside communicating 
with it. In order to put the instrument ready for use the 
tap S is removed and mercury poured in It It is then 
raised till the mercury reaches the level of xS in The 
tap is put in position and a liquid, to be experiment- 
ed on, say water, is poured into the funnel F. The 
reservoir tube R is then lowered till a vacuum of a few 
cubic centimetres is produced over the surface of mercury 

258 ^ 



change oe state 


259 


in A, At this time the difference in the heights of mer- 
cury in A and It will be equal to the barometric height. 

Turn the tap so as to drop a little quantity of 
water into A, it will evaporate immediately and 
exert pressure as will be shown by the lowering of 
the meicury-level in A. If at this stage, the volume 
be decreased by raising the product of the pressure 
and volume of the vapour will remain fairly cons- 
tant. This vapour which obeys Boyle’s law is called 
U nsaturated vapour. 

If more water be introduced in A by turning on the 
tap several times, only a part will evaporate and some of 
it will remain in the liquid state. If at this stage 
the volume be decreased by raising 7?, it will be noticed 
that the pressure does not increase but that a part of the 
vapour is condensed. This vapour is called mturated 
vapour. The pressure of this vapour is dependent only 
on the temperature and not on the volume, as it does in 
the case of unsaturated vapours. 

I'hus unsatarated vapour is that vapour nhichj at a 
given temperature^ is not eocerting its maximum pressure. 
Its pressure can be increased by decreasing the z*olume 
and it can take more of the liquid in the vapour state. 
Saturated vapour is that,, which is exerting the maxU 
mum pressure at the given temperature. Its pressure 
does not increase with decrease of volume and it cannot 
take more of the liquid into the vapour state for the same 
volume and temperature. The pressure exeited by the 
saturated vapour of a liquid is called the vapour-pressure 
or vapour-tension of that liquid,, at the giien temperature. 
Behaviour of unsaturated and saturated vapours 
under changes of volume and temperature. 

(a) It has been observed above that the pressure of 
unsaturated vapour depends like that of a gas on the 
volume which it is made to occupy. By surrounding A 
with a hot bath, we can observe that its pressure, like 
that of a gas, increases with rise of temperature and 
decreases with the fall of temperature, till it becomes 
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saturated. When the vapour becomes saturated, the 
fall of pressure with cooling is most marked. Thus we 
can say that unsaturated vapours behave like gases and 
approximately obey Boyle’s and Charles’ laws. 

The behaviour of unsaturated vapour is shown 
graphically in fig. 43 (a). From A to B the vapour is 
unsaturated and the pressure-volume curve is just like 
that of a gas. At B the volume is diminished so much 
that the vapour is saturated and the pressure, on de- 
crease of volume, does not increase but remains cons- 
tant, as IS shown by the horizontal line BC. 

Similarly fig 43 (fe) shows that if unsaturated vapour 



(a) (6) 

Fig.43 

be cooled, then at first the vapour behaves like a gas. Its 
pressure diminishes with fall of temperature as is shown 
by the line AB, which if produced backwards, will cut 
the axis of temperature at--273®C. This being the 
temperature, at which a gas cooled at constant volume 
exerts no pressure. At B the vapour is exerting its 
maximum pressure and any diminution in temperature 
is accompanied by a very rapid fall in pressure, as is 
shown by the curve B(7, which indicates that saturated 
vapour does not obey Charles’ Law. 

{h) If the volume of saturated vapour be decreased, 
its pressure will remain the same but some of the va- 
pour will be condensed as is shown by the horizontal 
line in fig. 43 (a). If however, the volume be increased, 
and the vapour is in contact with the mother-liquid 



CHANGE OF STATE 


261 


its pressure will remain the same and more of the liquid 
will be converted into vapour form. When the vapour 
is not in contact with its mother-liquid, inciease 
of volume will result in the vapour becoming unsa- 
turated ; and its pressure will fall as shown by the curve 
BA in fig. 43 (a). 

If the temperature of saturated vapour in the pre- 
senee of its liquid be raised, the pressure of the vapour 
will rise with temj)erature and more of the liquid will 
be converted into vapour, as shown by the curve CB in 
fig. 43 (6). If however, the tempeiature be increased in (he 
absence of its lujiiid, the ])rpssure of the vapour will use 
correspondingly less with rise of temperature, than if the 
liquid were present; and the vapour will become un- 
saturated. AVheii the temperature of saturated vapour 
is lowered, its pressure is diminished more rapidly and 
condensation takes place. 

121. Pressure exerted by a mixture of vapours 
and gases. Dalton and later on Regnault, experi- 
menting with the apparatus shown in fig. 42, deter- 
mined the pressuie excited by a vapour, {i) m vacuum 
and {ti) when the same space was occupied by other 
permanent gases or vapours, not having any chemical 
affinity with one another. Their conclusion is that the 
pressure exerted hij a rapou?' is the same uliether the 
space is empttj or fUled tcith some other ejas or vapour. 
This statement put in the following wa}- is known as 
Dalton’s law : — 

Dalton’s law of partial pressures. The mass of 
vapour,^ H'hich can be contained in a given space, iiide- 
pendent of the presence of other gases or vaj)ou)s\ and 
the pressure of the mrvture of gases and vapours,, having 
no chemical aflinitg for one another^ is the sum of the 
pressures^ icJuch each constituent would separately exert,, 
if it occupied the nhole space alone. 

The above law is proved by the apparatus of fig. 
42 in the following manner: — 

The tap aS^is removed to introduce dry air into 
till the level of mercury in A and R is the same. The 
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tap S is put into position and water poured in the 
funnel F. The reservoir E is lowered to lower the 
level in A and water is introduced into it by turning on 
the tap several times. After a little while, R is raised 
to bring the mercury-level in A to its former position. 
The level of E will be higher. The difference of levels 
of mercury in A and E is entirely due to the presence 
of saturated vapour of water at the room temperature; 
for the pressure of air in A must be the same as before, 
as it occupies the same volume. From Regnault’s tables, 
this difference is found to correspond exactly with the 
saturation pressure of water at the room temperature. 

SUMMARY 

1. An unsaturated vapour does not exert its maximum 
pressure at the given temperature and is caj^able of taking 
more liquid into the vapour state. 

2. A saturated vapour exerts its maximum pressure at 
the given tempei ature and is incapable of taking more of the 
liquid into the vapour state. 

3. The pressure of a mixture of gases and vapours, 
having no chemical affinity for one anothei, is the sum of 
the pressures, which each constituent would separately exeit. 
if it occupied the whole space alone. 



CHAPTER VIII 

HYGROMETRY 

122. Humidity. The atmosphere always contains 
some water-vapour due to the evaporation, that is 
continually going on from the surface of water, which 
covers a very large portion of the Exrth’s surface. The 
amount of aqueous vapour present in the atmosphere 
vanes considerably with the locality and even at the 
same place the amount may vary from time to time. To 
understand fully the weather conditions, it becomes 
important for meteorological observations to know the 
state of atmosphere as regards moisture. In order to be 
complete, the knowledge of atmosphere regarding mois- 
ture requires information as to the amount of vapour: 
(t) actuallv present in the atmosphere and(«) the amount 
which will saturate the atmosphere with water-vapour 
at the given temperature. The second determination 
18 necessary, for our feeling of dampness of the air de- 
pends not only on the amount ol vapour present, but also 
on that, which will saturate it. Thus on a hot 
day, the atmosphere may contain more aqueous vapour 
than on a cold day, yet the former seems to be drier. This 
appears to be so, because on a hot day atmo.spliere is 
capable of taking more of the liquid in the vapour 
state. 

The ratio of the mass of water-vapour actually 
present in the atmosphere tn a given volume^ to the mass 
of irater-capour, which will saturate the same volume 
of the atmosphere at that temperature, is called Humidity 
or Relative humidity of the Atmosphere. 

123. Hygrometers: (i) Chemical. Humidity is 
determined directly by a chemical hygrometer, which 
consists of a large wide-mouthed bottle with a stop- 
cock near the bottom, fig. 44 ; three U-shaped tubes A 
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B and containinj^ phosj^liorus penta-oxide or pumice- 
stone soaked in 
strong sulphuric 
acid are connected 
to it as shown in 
the figure. The as- 
pirator R is filled 
with water and tubes 
A and B are weighed. 

(Let their mass be 
mi). The stop-cock 
of R is opened; 
water flows out, 
air is sucked in 
from E and its mois- ; 
iure is caught in the • 
tubes A and B, while 
passing through Fio. 44 

them. When sufiicient air has been drawn in, the 
stop-cock is closed and the tubes A and B are weighed 
again. (Let their mass be m 2 )- C acts simpiy as a 
guard against any vapour coming in from Jt, The 
aspirator It is once more filled with water and the tubes 
A and B again put in position. Now the open end E is 
connected to a wide tube F, containing small glass 
tubes charged with water and the stop-cock of B is 
opened to admit, through A and 7i, air saturated with 
water-vapour. When as miujh air has been drawn 
in, as was drawn previously, the stop-cock is closed and 
the tubes A and B are weighed again. (Let their mass 
be m^. Then the relative humidity is given by 

, for denotes the mass of water- 

vapour actually present in the given volume of atmos- 
phere and (wa — m 2 ) denotes the mass of water-vapour, 
which saturates the same volume at the same tem- 
perature. 

This method of finding relative humidity is extreme- 
ly tedious and is never used for the purpose in actual 
practice. Indirect methods involving the determi- 
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nation of dew-point are more convenient. The princi- 
ples underlying these methods are the following: — 

(1) Dew-point is the temperature at which the 
aqueous vapour actually present in the atmosphere, is 
sufficient to saturate it. 

(2) The mass in gms. of saturated aqueous vapour, 
per cubic metre at any temperature, is equal to the pres- 
sure of saturated vapour in mms. of mercury column at 
the same temperature. 

(3) Thus relative humidity may also be defined as 
the ratio of the saturation pressure at dew-point to the 
saturaticm pressure at the existing temperature. 

Saturation pressures at various tempeiatures have 
been found out by Eegnault. Thus to find humidity 
all that IS required is to find the dew-point. For 
relative humidity will be given by the ratio of satura- 
tion pressure of aqueous vapour at the temperature of 
dew-point to saturation pressure of aqueous vapour at 
the temperature of the atmosphere. 

The instruments devised for the purpose of measur- 
ing dew-point are called hygrometers. In these instru- 
ments a surface is gradually cooled down, till dew 
begins to be deposited, wdien the temperature of the 
surface gives the dew-point. 

{ii) Darnell’s Hygrometer. It consists of a glass 
tube bent twice at right angles 
and having a bulb at each end. 

Inside this is ether, its va- 
pour and no air. The bulb B 
contains a polished silver cap 
and a thermometer; while A has 
a muslin piece over it. To 
find the dew-point, the whole of 
ether is transferred to the bulb ^ 

B and ether is slowly poured on 
the muslin covering the bulb A, 

Rapid evaporation, resulting in 
the lowering of temperature 
of A, takes place. The ether 
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vapour inside A condenses, while ether in the bulb B 
evaporates and produces cooling. When the temperature 
of jB falls to the dew-point, a thin film of vapour 
condenses over the polished silver surface and the tem- 
perature ti is noted. Cooling is stopped and the thin 
film of moisture begins to disappear; the temperature 
f 2 at which it disappears is again noted. The dew-point 
is given by the mean of the temperatures at which 


dew is formed and at which it disappears, 


2 


DanielPs hygrometer has the following defects and 
is theiefore now seldom used: — 

1 . It IS not possible to regulate the temperature of 
cooling. 

2. Glass being a bad conductor, the temperature inside 
and outside the bulb will not be the same 

3 . The observer has to stand near the instiument and 
thus his breath may affect the formation of dew. 

{til) Regnault’s Hygrometer. ^This is the most 
important dew-point hygrometer, 
chiefly m vogue and the defects 
noticed in Daniell’s instrument are 
avoided herein. 

It consists of a test tube A of 
which the lower part is removed 
and replaced by a silver cap, which 
is highly polished from outside. 

The mouth of the tube is closed 
with a rubber cork, which carries a 
thermometer T\ and a tube C run- 
ning down to the bottom of the 
silver cap. The interior of the test 
tube A is put into communication 
with an aspirator by a side tube. A 
tube B similar to A, but having no side 
tube is also supported on the same Fig. 46 
stand for purposes of reference. 

Ether is poured into the tube A and a steady cur- 
rent of air is drawn through the ether, by allowing 
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water to flow out from the aspirator. This steady 
current of air evaporates the ether and the temperature 
of A falls slowly. The observations are taken from a 
distance by a cathetometer and the temperature of 
thermometer Ti is noted as soon as dew appears on the 
silver cap. The temperature of T 2 in the tube Bj 
gives the atmospheric temperature. The following 
advantages are claimed for this hygrometer : — 

( 1 ) The flow of air can be regulated with great nicety. 

( 2 ) The errors due to the breath of the observer are 
avoided, as the observations are taken from a distance by 
means of a cathetometer. 

(3) The temperature given by thermometer Ti must 
be the same as that of the silver cap, because it is a good 
conductor of heat. 

(4) The bubbling air produces uniformity of tempera- 
ture throughout the whole mass 

Wet and Dry bulb Hygrometer. On account of 
its simplicity and great ease, with which it can be used 
to determine humidity and dew-point by the 
help of tables, it is extensively used for the 
purpose. It consists of two thermometers 
exactly alike, mounted near each other on 
a common stand. The bulb of one of them 
is kept moist by a muslin piece, one end of 
which IS kept dipping in a small vessel con- 
taining water. 

To use the instrument, the muslin is 
moistened. After a little while, the tem- 
peratures, when they are stationary, of both 
the thermometers, are noted. The tempera- 
ture given by the wet-bulb thermometer will, 
unless the atmosphere is thoroughly satu- 
rated, be invariably less than that of the dry- 
bulb thermometer ; because evaporation goes 
on from the surface of the wet-bulb and Fig. 47 
heat for the purpose is derived from the air and 
the muslin piece surrounding the bulb. These cool 
and keep the temperature of the wet-bulb thermo- 
meter lower than that of the atmosphere. On a dry 
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day, evaporation will be brisk and the difference bet- 
ween the temperatures of two thermometers will be 
great ; while on a damp day, evaporation will be slow 
and the corresponding difference small. Thus the 
difference in temperatures of the two thermometers de- 
pends upon the humidity. Tables have been constructed 
to give the aqueous vapour-pressure at various tem- 
perature-differences and from them dew-point and humi- 
dity can be calculated. 

124. Atmospheric phenomena. We have already 
observed that aqueous vapour is distributed throughout 
the atmosphere. Whenever this vapour comes in 
contact with a cold object, it is condensed in small 
droplets known as dew. For the formation of dew, the 
temperature of the cold object evidently must bo below 
or at the dew-point. 

Mist or Fog. When the temperature of a large 
quantity of air containing vapour is gradually lowered, 
as does happen at the evening time during cold weather; 
a temperature is reached, when the air becomes saturated 
with water-vapour, which condenses on small particles 
of dust or smoke forming small drops of water. These 
are spoken of as Mist or Fog. 

Cloud. A cloud like mist or fog is formed by the 
condensation of largo quantities of water-vapour in the 
upper regions of the atmosphere. This condensation 
does not necessarily take place due to low temperature ; 
but it generally takes place, when a stream of air satu- 
rated with vapour, blowing against a high mountain, 
ascends upwards. It expands, cools and forms clouds. 
When these small droplets forming a cloud coalesce to 
form large drops, they fall down by the action of 
gravity as rain. 

Snow. When the temperature of a cloud falls 
below 0°C. by cold air currents, icy crystals called 
snow fall down. It is the direct conversion of vapour 
into solid form. 

Hail. When rain-drops pass through cold regions 
on their downward descent, they get frozen and are 
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called hailstones, 

SUMMARY 


Humidity. It IS the ratio of the water-vapour, actually 
present in the atmosphere in a given volume to the quantity 
of water-vapour, which will saturate the same volume at the 
same temperature. 

Hydrometers are instruments to determine the amount of 
vapour present in a given volume of the atmosphere. 

Dew-point. It is the temperature at which the water- 
vapour present in the atmosphere will saturate it. 

Dew-point hygrometers. These are designed to measure 
the dew-point. 

EXAMPLES 


1, On a day when the barometer is 760 mms. high, the 
temperature of the air is 20°C. and the relative humidity 
IS 50% ; what fraction of the whole pressure of the a^r is 
due to water- vapour ? The saturation pressure at 20 C, is 
18 mms. (Sen. Camb. Local) 

Let the existing pressure due to water-vapour be f. 

Then *6 = "T^or 9mm s. 

jP lo 


the fraction of the whole pressuie ' 

760 

2. A quantity of hydrogen collected over water 
measures 150 c.cs. at lO^C. The barometric pressure =750 
mms. and saturation pressure at 10‘^C.=9‘0 mms. Find the 
volume of dry hydrogen at N.T.P. 

The pressure due to hydrogen =750— 9*0 =741 mms. 

volume of dry hydrogen at N.T.P, = ^ “2^ 

= 141*0 c cs. 

3. The dew-point on a certain day being found to be 
12°C. and the temp, of air 16*5^0. Find the relative humi- 
dity. 

Aqueous pressure at 12^0. = 13*48 mms. of mercury column 
„ „ „ 16 ^= 13;64 „ „ „ 

and ,, V ,, 17 —14 42 ,, ,, ,, ,, 

4. A quantity of hydrogen collected over water occupies 
350 c.cs. at 15^0. and 742*7 mms. pressure. Calculate the 
volume of dry hydrogen at N.T.P. Aqueous pressure at 
15°C. = 12*7 mms. 
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EXAMINATION QUESTIONS VI 

1 . Explain the construction and principle of a constant 
volume air thermometer. What are its advantages over a 
mercurial thermometer ? 

2. What conditions must be fulfilled in order that a 
Centigrade and a Fahrenheit thermometer, having the same 
bore, may have their scale-divisions of equal length. 

3. What IS meant by absolute zero ? The air within 
a half-inflated balloon occupies a volume of lOOU c.cs. at 25°C. 
and 76 cms. pressure. What will be its volume, after the 
balloon has risen to a height, where the pressure is 40 cms. 
and the temperature — 8 C? 

4 Describe a metliDd of finding the co-efficient of 
apparent expansion of a liquid with a weight thermometer. 

5. Why does an island m mid-ocean undergo less 
extremes of temperature than an inland region ^ 

6. In a Bunsen’s calorimeter, the bore of the capillary 
tube IS 1*5 sq. mm and the mercury surface is displaced 
through 5 cms. when 8 grams of a substance at 75^0. are intro- 
duced. Find the specific heat of the substance? 

7. Distinguish between saturated and unsaturated 
vapours. Describe their behaviour, when temperature and 
volume are changed in turn 

8 . "What do you understand by humidity and dew- 
point ? Describe Eegnault’s hygrometer and how it is used 
to determine humidity. 

9. Enunciate Dalton’s law of partial pressures. How 
will you experimentally verify the same 

10 . What IS meant by the specific heat of a substance? 
What methods would you employ to determine the specific 
heats of a solid and of a liquid ^ {Land, Mat, 1895) 



CHAPTER IX 

TRANSFERENCE OF HEAT 

125. Modes of Transmission of Heat. Heat is 
transferred from a place at a higher temperature to one 
at a lower temperature by three distinct modes, known 
as (i) Conduction, (^^) Convection and (^^^)Radiation. 

Conduction is the process of transference of heat 
from one part* ot a body to another without any rela- 
tive alteration of its particles ; the intermediate parti- 
cles being heated however, in the meanwhile. 

Experiment Take a lod of metal, keep its one end in 
a Bunsen^s flame and hold the other in your hand. After a 
while, it will begin to feel warm; and it will feel wannei, if 
touched near to the hot end. 

In this process molecular kinetic energy is commu- 
nicated from particle to particle; the molecules oscillate 
in their own orbits, but do not leave their places. This 
process takes place generally in solids. 

Convection is the process ot trans- 
ference ot heat, from one part of a 
body to another, by the actual motion 
of the hot particles. 

Experiment. Take a round-bottomed 
glass flask half-filled with water and place 
a few crystals of potassium peimanganate 
into it. Heat the flask by a small Bunsen’s 
burner. Notice that the water, which is 
heated at the bottom, gets coloured as it 
passes by the crystals, rises up m the 
middle of the flask and its place is occupied 
by the cold water from the sides. The hot 
water as it rises up gets cooled by mixing 
with cold water and again descends down 
the sides of the flask* 
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In this process, which takes place in fluids, the 
hotter portions become lighter due to expansion and 
the colder portions come to take their places. Thus 
heat is transmitted by currents of hot fluid, going away 
from the source of heat and those of cold fluid ap- 
proaching it. 

Radiation is the process by which heat is trans- 
ferred from a hotter body to a colder one, by means of 
waves in ether, which is supposed to pervade the whole 
interstellar and inter-molecular spaces. 

Experiment. Heat an iron ball till it becomes red-hot, 
cover it with a glass bell-jar and hold an ether thermoscope 
near it. Notice that the theimoscope is affected, although 
it cannot be heated by conduction and convection. 

In this process the presence of any material me- 
dium is not essential ; for instance the heat of the Sun is 
communicated to us in this way. It does not travel as 
heat, but as waves in ether, from a distance of nine 
crores of miles, which separates the Sun from us. 

126 . Conduction. All bodies conduct heat to a 
greater or lesser extent. Metals are good conductors 
of heat, while substances such as stone, marble, slate, 
etc, are very bad conductors of heat. Substances like 
wood, paper and leather are partial conductors. 

The diflference in the conductivity of different 
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substances is illustrated by l7tg€Tihttusz^ s uppavatus* 



TRANSFERENCE OF HEAT 


273 


It consists of a metal-can having a number of holes in its 
side. Rods of equal length and equal area of cross-section 
but of different materials pass through the holes ; these 
are covered over with a thin layer of wax Boiling 
water is poured into the can and the lengths, along 
which the wax melts, are measured. Then the con- 
ductivities of different materials are directly propor- 
tional to the squares of the lengths^ along which the wax 
melts. 

The difference in conductivity is also illustrated as 
follows • — A thin paper is wrapped once round a com- 
pound rod of wood and copper and its middle point is 
held over a Bunsen’s flame. It is noticed that the 
paper over the wooden part gets chariod, while the one 
over the metal, remains unaifected. The reason is that 
copper being a good conductor, conducts away heat 
very (piickly and does not allow the jiaper to bo affected; 
while wood, being a bad conductor, does not conduct 
heat. That metals conduct away heat very quickly is 
strikingly illustrated also by the following experi- 
ments : — 

{a) Lower a coil of copper wire over the flame of a 
spirit lam]), so as iust to enclose it, notice that the flame is 
extinjj;uished The explanation is that copper, being a good 
conductor, absorbs so much heat as to lower the temjieia- 
ture below the ignition point of spirit. 

(b) Place a piece of wire-gauze, a little 
distance above the opening of a Bunsen’s 
burner. Turn on the gas and light it above 
the gauze. Notice that the flame does not 
strike down through the gauze The explana- 
tion IS the same as given above. 

On the same principle. Sir Humphrey 
Davy constructed his safety-lamp to be used 
ill mines, where marsh gas exists. This is an 
ordinary oil lamp, the flame of which is 
surrounded by a thick wire-gauze, closed 
at the top by a metal plate. If marsh 
gas goes into the flame through the 
meshes of the gauze, it burns inside; 
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but due to the good conductivity of the metal, it does 
not raise the outside temperature to ignition point 
quickly. This inside burning of the marsh gas serves as 
danger-signal for the miners, to stop work and arrange a 
for the proper ventilation of the mine. 

Stationary and Variable States. If one end of a 
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rod be kept at a constant high temperature and the 
temperatures of various points along its length be noted, 
it will be seen that at first the temperature continues 
to increase along the length of the rod; this state is 
called the variable state. After some time the tempe- 
ratures of the various points remain steady, though 
they fall as we proceed from the hot to the cold end. 
This state is called the Stationary State. When this 
condition is reached, it should not be supposed that 
conduction has ceased. As the bar is at a temperature 
higher than that of the atmosphere, it is giving out 
heat by convection and radiation. The temperature of 
any point (say Ti) will be steady, when the heat sup- 
plied to it by conduction from the hotter side is equal 
to the loss of heat by convection and radiation from 
its surface and by conduction to the colder side. The 
temperature at any point, say T’j, will evidently be 
higher in a good than in a bad conductor ; or the 
distances along the bars of various materials for the 
same fall of temperature will be greater in a good 
than in a bad conductor. Theoretically such distances 
can be proved to vary directly as tlie square root of 
the conductivity of the material, which result foi’ms 
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the basis of Ingenhausz’s experiment described on page 
272, to compare conductivities. 

127. Thermal conductivity. Consider the case of a 
large plate of a substance, having paral- A 
lei faces ABCD and EFGII] if the face 
ABCD be kept at a temperature higher 
than that of the opposite face, heat will 
flow by conduction from the front to 
the opposite face. After some time, 
when stationary state is reached, ima- 
gine a small lamina a in the middle 
being separated from the rest of the 
plate. The flow of heat through the 
lamina will be parallel to the arrow, 

L e, from the front to the opposite face Fig. 52 
and there will be absolutely no lateral loss ; since the 
edges will be at the same temperature, as the remainder 
of the plate in the same plane. Thus heat, entering one 
face, will leave the opposite face. The total quantity 
of heat, which flows m a given time through such a- 
lamina, is seen to be 

(i) directly proportional to the area of the lamina, 
(^^) directly proportional to the difference of tem- 
perature (01 — 02) between the two faces ^ 

{Hi) directly proportional to the tune f, and 
{iv) inversely proportional to the length of the lamina 
from one face to the opposite. 

Thus Q, the quantity of heat passing from one face 
of the lamina to the opposite, will be given by the 
mathematical expression 



which is equivalent to 


where Zis 


a constant, depending on the nature of the material 
of the lamina. It is called the thermal conductivity or 
the co-efficient of conductivity. 

In the above equation, suppose a=l sq. cm. 
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©I — if=l sec. and 7=1 cm.; then Q^h. 

Thus the thermal coiichictirity of a substance is the 
quantity of heat, tchuh floicn in 1 sec. from one face of a 
unit cube to the opposite^ ichen the difference of tem- 
peratures heticeen the opiposife faces is equal to 

The equation Qczih is very important, 


as it enables us to find the conductivity of any substance. 

127 («) Conductivity of Liquids. When a liquid is 
heated from below, expansion takes place and its density 
decreases. This deciease in density causes the heated 
portions of the liquid to rise to the surface, while the 
colder parts come down. In this way, convection cur- 
rents are set up, which heat the whole mass of the liquid. 
If however, the liquid be heated from its upper surface, 
the flow of heat downwards is generally slow due to 
its bad conductivity, except in the case of mercury or 
other metals in molten state. 

The bad conductivity of water is shown in the 
following way: — 

Experiment. — Take a test-tube, fill it about three-fourths 
with ice-cold water, attach a piece of ice to a piece of lead 
and make it sink to the bottom of the test-tube. Heat the 
test-tube near its top by slightly inclining it. It will be no- 
ticed that water at the top may boil, while ice at the bot- 
tom Avill remain in the solid state. 

The conductivity of liquids w^as first determined by 
Despretz. The principle 
is the same as that ap- 
plied in Ingenhaiisz^s 
method for determining 
the conductivity of so- 
lids. Despretz appara- 
tus consisted of a cylin- 
drical wooden vessel V 
about a metre long and 
20 cms. diameter. Holes 
were drilled in the wall Fig. 62 {a) 

of the cylinder at equal intervals and thermometer 
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bulbs were inserted throug^h these along the axis of the 
cylinder as shown in the figure. The vessel was filled 
with the liquid to bo experimented upon. On the top 
of the liquid was placc<l a thin copper box i?, which 
was filled with hot water, kept at constant temperature. 
After some time the upper thermometers began to in- 
dicate a slow increase of temperature; and it was after 
about 40 hours in the case of water that stationary 
state was reached This How of heat could not pos 
sibly be due to conduction of heat along the sides of 
the teebly conducting vessel, because the temperature 
along the axis was higher than that near the sides of 
the cylinder. 

Despretz filled the vessel in turn with liquids of 
conductivities Zri, A*^, Aj etc. and found that the distri- 
bution of tem[)erature along the axis of the (*yhnder 
under stationary state was identical with that of a metal 
bar under similar conditions. He found lengths /i, I21 h 
etc., corresponding to equal ditferences of temperature 

and showed that ^ = , etc. 

h- 

127. (i) Conductivity of Gases. The determina- 
tion ot conductivity of gases is a very 
difficult problem, because 111 their case the 
transference of heat takes place not only by 
convection ciiirents but also by ladiation. 

Of all the gases, h^diogen is the best con- 
ductor and this is shown in the following 
manner. — 

Experiment.— A thin platiiuun wiie is stretch- 
ed inside a tube, as shown in fig 52 (/>). On passing 
a curient, the wne becomes red-hot when the 
tube is filled with air. On exhausting the tulie, 
its brightness decreases. On introducing hydio- 
gen, it becomes altogether dull, which shows that 
heat IS readily conducted bv hydiogen. 

Gases are very bad conductors of heat and 
special methods have to be used to determine 
their conductivity. ^ ^ ^ go 

111 order to determine the conductivity ’ ^ ^ 
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of a gas, the rate of cooling of a thermometer in an 
enclosure is observed : (i) when it is totally exhausted 
and loses heat by radiation alone; (^7) when it contains 
the gas to be experimented upon at low pressure^ and 
it loses heat both by conduction and radiation. From 
the difierence in the rates of cooling, the conductivity 
can be determined. The convection effects are avoided 
in both cases ; for it is found experimentally that at 
low pressures, convection cannot take place. 

Gases are extremely bad conductors of heat. It is 
the presence of air in small cavities, that renders wool 
and fur clothes bad conductors of heat. 

Table of conductivities at 18 ^C. 


Silver 

•974 

Water 

•00136 

Copper 

•916 

Air 

•000048 

Iron 

•147 

Hydrogen 

•00033 

Steel 

•115 


128 . Convection. 

From what has 

been said 


ready, it is clear that convection currents tend to equalize 
the temperature, throughout the whole mass of a fluid. 
Heat is transferred more rapidly by convection than by 
conduction. Thus, it is possible to boil water in a thin 
paper vessel without its being scorched. 

Experiment, Take a small thin paper box. Suspend it 
by fine wires. Half fill it with water 
and heat it from the bottom. Water will 
boil, without the paper being scorched. 

This shows that heat is taken from the 
paper by water with great rapidity. 

Ventilation. The ventilation of 
buildings or furnaces depends upon 
convection currents in air. Fresh air 
comes from the side openings, while 
hot air goes away from the top chim- 
neys and thus circulation of air is 
maintained. 



Experiment. Place a burning candle in a shallow basin, 
containing a little quantity of water and place a lamp 
chimney over the candle flame. Notice the flame is 
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extinguished after a short time; because oxygen, essential 
for combustion, cannot enter from the top, wherefrom 
hot gases are leaving and there is no other passage for 
it to enter. Now repeat the above experi- 
ment, holding a piece of card-board in the 
upper part so as to divide it into two 
halves. The candle continues to burn, 
because hot gases escape through one half 
and fresh air enters through the other half. 

The outward and inward rush of air may 
be demonstrated by holding a piece of 
thin paper near the two halves. 

Winds. These are huge convec- 
tion currents set up in the atmosphere, 
due to unequal heating of the Earth’s 
surface. Whenever a portion of the Earth 
becomes heated more highly than the rest, air in contact 
with it gets heated and rises up. Colder air from the 
surroundings rushes in to take its place, which con- 
stitutes wind. 

Land and Sea Breezes. During daytime the land 
becomes hot, while the sea due to high specific heat of 
water does not become so. Thus air in contact with 
the Earth gets heated, rises up and its place is taken by 
the wind coming from the sea-side which constitutes 
sea-breeze. During night-time, the phenomenon is 
reversed ; because the Earth becomes cold very soon due 
to radiation, while the sea-water remains hot and air in 
contact with it also becomes hot and rises up. Wind 
blows from the Earth towards the sea and constitutes 
land-breeze. 

129. Radiation. It has been remarked already 
that in the process of radiation, heat does not travel 
as such through the intervening space ; but as waves, 
propagated through ether with the velocity of light, 
i, e. 186000 miles per sec. These waves are produced 
at the surface of the hot body by the vibratory motion 
of its molecules. When these waves fall on another 
body, they increase the vibratory motion of its molecules 
and thus give heat to it. 


n 
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Hence we see, the emission of heat by radiation is 
a process of transformation of heat into wave-energy ; 
and the absorjitioii of heat is the reverse process of 
transformation of wave-energy into lieat-energy. The 
radiation and absorption thus depend upon the nature 
of surface la3"ers of the source and the absoibing body 
respectively. 

129 (u) Properties of Thermal Radiations: — 

{i) Thermal 7*adiations ca?i be transmitted through 
vacuum. The Sun^s heat is transmitted through space, 
unoccupied by matter. 

Sir Humphrey Davy showed tliat an ether ther- 
moscope, placed outside the receiver of an air-pump, was 
affected as much by a platinum wire heated to redness 
by an electiic current, placed inside an exliausted re- 
ceiver, as when it was full ot air. 

(li) Thermal 7'adiations are transmitted in straight 
lines. In front of a heated iron ball, place two screens 
having small holes in them. Place a thermopile facing 
the hot iron ball in such a way that the ball, the 
thermopile and the two holes are in one straight line. 
Notice that the thermopile is affected by the heat of 
the ball, as is shown by the deflection of the galvano- 
meter. Displace one of the screens and notice that there 
is no indication of the rise of temperature. 

{lii) Thermal radiations are tran.smiffed with the 
same velocity as light. At the time of total eclipse of 
the Sun, the heat-supply ceases as soon as the light is 
extinguished. 

(iv) Thermal radiations are reflected from polished 
sui'faces, like light. 

(7 is a polished tin sheet, A 
and B are two tubes, II is a hot 
iron ball placed at the mouth of 
the tube A. 

T is an ether thermoscope 
placed at the end of the other 
tube B. 

Notice that the thermoscope Fig. 55 
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shows a rise of temperature when the two tubes are 
equally inclined to the normal. 

{o) Thermal radiations can be refracted, like light] 
i, e. their path deviates as they go from one medium to 
another. A convex lens refracts sun-rays to its princi- 
pal focus; and a piece of black paper placed there 
begins to burn, showing that heat-rays are concentrated 
likeliglit-rays at the principal focus of the lens. 

(vi) If a continuous spectrum of light be obtained 
by means of a rock-salt or carbon bisulphide prism and 
a thermopile be moved from the violet to the red 
end, it is seen that the heating effect increases as 
we approach the red end; and in tact beyond the red 
end, heating effect is most marked. This shows that 
thermal radiations extend beyond the red poition of the 
visible spectrum, they suffer less deviation and so 
have longer wave-lengths, than even the red portion of 
the visible spectrum. 

{vii) The thermal radiations received by a surface 
of given area are inversely proportional to the squares of 
the distances between the source and the surface. 

Place a thermopile at varying distances from an 
electric-glow lamp coated with lamp-black and notice 
the deflections. They will be inversely proportional to 
the squares of its distances from the lamp, provided the 
thermopile is not placed too near it. 

130, Diathermancy. When white light is passed 
through a substance, waves of a particular wave-length 
are absorbed, while those of other wave-lengths are 
transmitted. Thus glass transmits the visible portion 
of the spectrum and absorbs the ultra-violet and infra- 
red portions. Similarly, a solution of iodine in carbon 
bisulphide transmits the infra-red rays, but is opaque 
to actinic rays. A substance, which transmits radiations 
of a certain wave-length is said to be diathermanous for 
those 7 'adiations] and a substance, which absorbs radia- 
tions of a particular wave-length is said, to be ather- 
manous for those radiations. 
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The diathermancy of a body depends greatly on 
the nature and temperature of the source of radiation. 
Thus glass, which is practically diathermanous to sun- 
light IS athermanous to radiations emitted from bodies 
below white heat. It can hardly cut off heat rays 
coming from the Sun, but can effectively absorb the 
radiations coming from glowing coal and becomes 
hot itself. On account of this property, it is used for 
lire screens and green-houses. It allows sun -rays of 
short wave-lengths to go into the green-house; but 
does not allow long waves radiated by the plants to 
come out. Moist air behaves moie or less like glass ; 
i,e, it allows free passage to waves of short wave- 
lengths, but absorbs radiations of long wave-lengths, 
A solution of iodine in carbon bisulphide is diatherma- 
nous to heat rays, but is perfectly athermanous to light 
rays. 

Rock-salt is very transparent to thermal radiations 
of all wave-lengths, except such as are emitted by 
heated rock-salt. This is in accordance with the law 
that a substance is opaque to radiations^ which it emits 
itself when heated, 

131. Prevost’s Theory of Exchanges. Suppose a 
hot body A is surrounded by a cold enclosure R, which 
is totally exhausted of air, so that no 
conduction or convection can take place. 

It is noticed that the temperature of g 
A continuously falls and that of B rises, 
till the temperature of both is the same. 

If the temperature of B be still further 
decreased, it is noticed that the 
temperature of A again begins to fall, 
till equalization of temperature takes 
place. Pig. 53 

The explanation of the above is as follows : — The 
hot body A gives out thermal radiations and at the 
same time absorbs heat radiations. When its tempera- 
ture is higher than that of the surroundings, it gives 
out more thermal radiations than it absorbs. Its 
temperature falls and that of its surroundings increases, 
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till equalization of temperature does take place. After 
that the amount of thermal radiations given out equals 
the amount absorbed and no rise or fall of temperature 
is noticed. Thus a system of exchange continues, though 
there may be no rise or fall of temperature. This is 
known as Prevost’s Theory of Exchanges. 

According to this, if the temperature of a body 
remains constant, the energy given out hy its vibrating 
molecules in the form of thermal radiations in ether, is 
exactly counterbalanced hy the absorption of an equal 
amount of energy. Further it follows from the above 
theory that the absorbing and radiating powers 
of a body must bo the same. For if the absorbing 
power were greater than the radiating power, a rise of 
temperature should be the result; and if radiating power 
were greater than the absorbing power, a fall of tem- 
perature would be the result. Hence a black substance 
which is a good absorber is a good radiator, and a polished 
surface icliich is a bad absorber is a bad radiator. 

132. It was proved by Leslie that some substances 
notably lamp-black, emit heat more copiously than others, 
under similar conditions. The radiating body employed 
by him is known as Leslie^s cube and consists of a cu- 
bical vessel of tin, filled with hot water. It can be coat- 
ed with any substance, whose emissivity is desired to be 
studied. It can be lotated round a vertical axis, so that 
any one face can be allowed to radiate energy against 
the face of a thermopile and the amounts ot he t 
radiated per second by different substances compared. 
By experiments of this kind, it is observed that a 
polished face emits little heat, while a black one emits 
radiant heat very copiously. Polished surfaces are less 
efficient radiators; as radiations are reflected when passing 
from inside outwards or from outside inwards, and thus 
they can neither go out nor penetrate inside. The polish- 
ed surface is a good reflector and therefore a poor radia- 
tor and a poor absorber. 

132. (a) Emission and Absorption of Radiation. 

It has been proved above on the theory of exchanges 

that the absorbing and radiating powers of a body 
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must be equal, and is experimentally proved by 
Ritchie’s apparatus. It ^ 0 

consists of a differential air 
thermometer with the mo- 
dification that the two bulbs 
are replaced by two eciual 
and similar flat cylindrical 
tin boxes. In between them 
and equidistant from botli 
IS placed atm vessel C\ one Fig. 57 

face of it, say that opposite 71, is blackened, while the 
other is jiolished, and the face of A towards C is 
blackened. 

Experiment. Fill the vessel with boiling water and no- 
tice there is no movement of the liquid m the stem. This 
shows that A and B are at the same temperatuie The 
greater emissive power of the face opposite B is compensa- 
ted by the greater absoibing power of the face A 

Emissivity. It is the quantity of energy given up 
in one second by one sq. cm of the surface, when the 
difference of temperatures between it and its surround- 
ings IS equal to 1°C. 

132 {h) Dewar's flask. The fact that 
polished surfaces are very poor radiators is 
made use of in thermos-flasks, which are 
double- walled vessels of glass highly polish- 
ed both from within and without. The space 
between the two walls is thoioughly ex- 
liausted to prevent loss of heat by conduc- 
tion and convection. Such flasks are used 
to keep liquid-air, hot tea or ice. They 
do not allow any transference of heat and 
therefore the substance is kept for a long 
time at the same temperature. 

133. Law of Cooling. Newton for- 
mulated the law that the heat radiated by Fig. 57 (a) 
a body per second is proportional to the difference of 
temperature between it and its surroundings. The law' 
fairly represents the experimental results at ordinary tem- 
peratures, but does not hold good at high temperatures. 

It may be clearly understood that the quantities of 
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heat given out by two bodies are directly proportional to 
the differences of temperatures between them and their 
surroundings, provided all other conditions aretdenUcaL 
The rate of cooling depends upon various factors: — 
The conditions favourable for the cooling of a hot 
body are : {^) Great difference of temperature between 
the body and its surroundings. 

(^^) The large extent of the area of tlie surface ex- 
posed. 

{lit) Nature of the exposed surface. Thus a black 
calorimeter cools more quickly than a polished one. 

(^^/') Constant renewal of the gas or any other sub- 
stance ill contact with the cooling body. 

(r) Low specific heat of the cooling body. 

{vi) Constant stirring. 

133 (a) Specific heat by cooling. Newton’s Law is 
made use of, for 
finding the speci- 
fic heat of liquids. 

The apparatus 
employed for the 
purpose consists 
as shown in fig, 

68, of a double- 

walled vessel, the 
space between 
the two being fill- 
ed with water to 
keej) the tempera- 
ture constant. A 
calorimeter is 
weighed when 
empty, then a 
certain volume Fio. 68 

(say 100 c cs.) of hot water is poured into it and freely 
suspended in the double-walled vessel as shown. Tem- 
perature is observed every minute, a graph EF fig. 

69, showing fall of temperature with time is drawn 
and the calorimeter along with water, after being 
cooled, is weighed again. The experiment is repeated 
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with the given liquid in the calorimeter, taking care 
that the quantity by volume of the liquid used, is equal 
to that of water. The initial temperature of both is 
the same and a graph EG showing fall of temperature 
with time is drawn. Thus we get two graphs on the 
same paper and with the same scales. From these graphs, 
we can easily find the intervals of time Gi and 62, in 
which the water and the liquid cool through the same 
range of temperature (say to ^2)- 

Then if ;oi=wt. of empty calorimeter 

n 57 + water 

. + liquid 

and s= specific heat of the liquid 



identical conditions, we must have by Newton’s Law, 
wi)+tCiX'l](<i — #a)_[«(tC3 — jci) + wi X IK^i — ta) 

»1 “ ©a ’ 
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i.e. the quantity of heat lost by water per second should 
be equal to that lost by the liquid during the same 
interval. Here ‘1 represents the sp. heat of copper, of 
which the calorimeter is supposed to be made up. In 
order to accelerate the rate of cooling, the outside of 
the calorimeter is blackened. 

SUMMARY 

1. Conduction is the process of transference of heat from 
one part of a body to another without any relative alteration 
of its particles, the intermediate particles being heated in the 
meanwhile. 

2. Convection is the process of transference of heat from 
one pait of a body to another by the actual motion of the 
particles. 

3. Radiation is the process of transference of heat by 
waves in ether from a hotter body to a cooler one. 

4. Co-eflFicient of thermal conductivity IS the quantity of 
heat, which passes through one face of a unit cube to the 
opposite face in one second, when the difference of tempera- 
ture is 

5. Conductivities of different metals are proportional to 
the squares of the distances through which the wax melts, 
when one of the ends of bars of equal sectional area, is main- 
tained at a uniform temperature. 

6. Diathermanous. Substances, which do not absorb 
radiations of a particular wave-length are said to bo diather- 
manous for those radiations. 

7. Substances, which absorb thermal radiations, are 
called Athermanous. 

8. Newton's Law of Cooling. The rate at which a body 
loses heat is directly proportional to the difference of tem- 
perature between it and its surroundings. 

9. Emissivity. It IS the quantity of energy radiated per 
second per unit difference of temperature between it and its 
surroundings. 

10. Provost's Theory of Exchanges. A body emits radia- 
tions at all temperatures. A body at constant temperature 
gives out as much energy as it absorbs. 

EXAMPLES 

1. Find the amount of ice, which will melt in 5 minutes 
by heat conveyed along a bar 20 cms. long, 5 cms. broad 
and 5 cms. thick, one end of which is kept at 100 0. and the 
other end in ice. Given conductivity = *8 (P.f/. 1921). 
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Q=jc 

L 


Q= 


•8X25X200X5X60 


amt. of ice melted = 


20 

80000 


= 30000 calories 


80 


=375 gms. 


2. How much steam per minute is generated m a boiler 
*5 cms. thick, 2 sq. metres area of fire chamber, if K the con- 
ductivity be *164 and the tempeiature of the two faces of the 
boiler plate be 200''C. and 120^C. (L=522) 


_2X 100X1()()X80X60 
164 - 


31488000 therms 


3 1 488000 

/. quantity of steam generated^— — — =60321*8 gms. 

3 A metal vessel 1 sq metre m area and lomrns thick 
plates, IS filled with melting ice and is kept siu rounded by 
steam at lOO^C. How much ice will melt in one hour? The 
conductivity of metal = 2. 

4. A glass vessel with an area of 100 sq. cms. and 1*5 
mms. thick, is filled with ice and placed m a vessel kept at 
lOO^C. How many gms. of ice will melt pei minute, when 
the flow of heat has become steady ? K for glass = ‘00185 
(Science and Arts). ^ 

5. Steam at 100 C. is passed into an iron cylinder, 15 

mms. thick and 100 sq. cms area, water at lOO^C. collects at 
the rate of 100 gms per minute. What is the tempeiature 
of the outside, ^’ = *2^ ^ 

6. Water kept at 10 C. is separated from ice by a plate 
of iron 1 cm. thick and 100 sq cms. in aiea. If 36,000 gms. 
of ice are melted m one hour, what is the theiinal conduc- 
tivity of the iron ? 

7. If one touches the pan containing a loaf of bread in 
a hot oven, he receives a much more severe burn, than if he 
touches the bread itself, although the two are at the same 
temperature. Explain. 

8. When a room is heated by a fireplace, which of the 
three methods of heat transference plays the most important 
role ? 

9. What is radiant heat? Can opaque substances trans- 
mit radiant heat and transparent ones absorb it? Give exam- 
ples. (P» U. 1931) 



CHAPTEH X 

MECHANICAL THEORY OF HEAT 

& 

Steam and Internal Combustion Engines. 

134. Theories of Heat * The Caloric Theory. — 

Upto the beginning of the I9th eentury, heat was be- 
lieved to be an elastic*, Hind called caloric To explain 
the various facts, the caloric Avas presumed to be 
Aveightless, indestructible, sell-repellent and having an 
attraction for matter. 

Tn the year 1798 Count liumford, an Amc'ricaii in 
the service of Bavarian Covernment, Avliilc engaged in 
boring cannons at Munich, was strucik by the great heat, 
evolved during the proccAss. 

To examine the matter more closely, ho took a cy- 
linder of gun-metal, bored a small hole into it to hold 
the tlierniometcr, covered it witli tlaniiel to pie /out 
loss of heat, rotated it by horse-power and prevssed a 
blunt borer against one end. After a little timc% he 
noticed that the toni[)erature of the gun-metal liad 
risen through 70°F. There was evidently no limit to 
the (xuaiitity of heat, Avliicli could be evolved from 
those bodies in tins Avay. He concluded therefore, that 
heat could not 2 ) 0 ssibly be a form of matter [talonc)^ 
such as the ancient philosophers thought, but it was a 
form of Motion. 

Later, in the year 1799, Sir irumphrey Davy 
shoAved that Avhen tAVo pieces of ice are rubbed together, 
water is produced, shoAving that heat is produced by 
rubbing. From tins he concluded, that heat is a form 
of molecular energy. 

Inspitc, of so jstrong an evidence to the contrary, 
the s[)irit of conservatism Avas difficult to be uprooted 
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and the old caloric theory continued to hold its own 
till the year 1840, when Dr. Joule of Manchester 
actually determined the amount of work necessary to 
get one calorie of heat. In Rumford^s and Davy’s 
experiments, the bodies changed their character during 
the operations ; but in Joule’s experiment, heat was 
evolved by stirring water, the conditions at the start 
and at the conclusion were the same, except that the 
temperature had risen. 



(a) Fig. 60 (b) 

Joule’s experiment. The apparatus used by 
Joule is diagrammatically shown in fig. 60 (a). The 
calorimeter C was fitted with baffle plates, having 
spaces in between, to permit the paddles to rotate. The 
calorimeter with its cover was weighed and after pour- 
ing suitable quantity of water, it was weighed again. 
The water-tight lid had two apertures, one for the 
spindle S and the other for a sensitive thermometer jT, 
The spindle carried paddles which rotated between the 
baffle plates Fig. 60 (6), and thus churned the water. 
The spindle 8 could be attached by a screw g to the 
drum D, round which two pieces of cords were wound 
side by side, in such a manner that both left it at the 
same level but in opposite directions. These cords 
passed over frictionless pulleys and carried equal 
weights at the ends. The distances, through which the 
weights descended, were given by the scales attached. 

The observations were taken in the following 
manner: — The spindle was attached to the drum by 
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the screw and the weights were allowed to fall through 
a measured height. The paddles rotated, their kinetic 
energy was spent in churning the water, whose tempe- 
rature rose. 

When the weights had reached the lowest point, 
the spindle was disconnected from the drum by taking 
out the screw g ; and the weights were again raised to 
their former positions, by rotating the handle of the 
drum. This operations was repeated several times, till 
the temperature of the calorimeter and its contents had 
risen through an appreciable range. 

The following observations were taken to find the 
amount of work in ergs, required to produce one therm 
of heat. 

weight of empty calorimeter 
n‘ 2 = „ ,, „ + water 

^ 1 = initial temperature 
3/=: mass of each weight 
^ 2 =final temperature 

/i=distance through which the weights fell 
n=number of times of fall 

velocity of the mass M on reaching the lowest 
point. 

Then, neglecting corrections due to friction, elasti- 
city of cords, cooling of the calorimeter due to radia- 
tion and other factors, we have the energy spent in 
producing heat 

= \^Mgh-2 X i J/r2 j X « ergs 

and the heat produced 

= — «ci) + triX *1 therms 

quantity of work for one therm 

n(2 Mgh — Mv^) j 

(^2 — + X "" 

The value so obtained was 4*8 x 10*^ ergs. 

Joule’s experiment clearly demonstrated that heat 
was a form of energy and could be obtained by the 
conversion of mechanical energy. This statement is 
often called the First Law of Thermodynamics and is 
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defined }j Maxwell as follows : — 

When work is transformed into heat or heat into 
tcork^ the qtiantity of work is mechanically equivalent to 
the quantity of heat. 

According to the Kinetic Theory, heat is energy 
possessed by a body, and it is manifested by the motion 
of its molecules. In a solid, the molecules do not 
change their places relatively; but vibrate in their own 
orbits and heat throws them into more violent agitation. 
In the case of liquids, heat besides producing the above 
effect causes currents of molecules to travel from hotter 
tocolder parts. While in the case of gases, heat enhances 
still more the very rapid state of motion, in which the 
gaseous molecules are, in the ordinary state ; and thus 
increases the pressure, which is supposed to be due to 
the bombardment of the molecules on the walls of the 
vessel. 

The electric method of finding J is described later 
in Current Electricity. 

135. Steam Engine. 

The action in a steam engine may be understood 
by reference to Fig. Gl. The steam from the boiler 
enters into the valve-chest by the tube In the valve- 
chest are three holes towards the side, facing the 
cylinder; h^ ccmmunicates with the upper part, hi with 
the lower part of the cylinder and the middle one, with 
the exhaust pump or condenser. There is a D-shaped 
valve, which fits tlie middle hole of the', exhaust pump 
and either of the two holes of the cylinder. The valve 
works by the eccentric rod ii' in such a manner, that 
when the piston P moves upwards in the cylinder, the 
valve moves downwards, and vice r)evsa. Thus when 
the piston in the cylinder moves upwards, the valve 
moves downwards, exhausts the steam on the lower 
side of the piston and allows the steam to play on its 
upper surface. And when the piston reaches downwards, 
the valve moves upwards, exhausts the steam from the 
upper surface and allows steam to exert pressure on 
the lower surface. 



STEAM ENGINE 


293 


This forward and backward motion of the piston 
in the cylinder is converted by the driving rod li into 


Fio. ()1 

rotatory motion of the shaft F by the eccentric E, The 
shaft has a large heavy wheel IF, known as the fly- 
wheel, to render tlie motion of the sliaft uniform and 
to move it {i.e. the shaft) smoothly over the dead points, 
by virtue of its great momentum, when the piston 
reaches the lowest and the highest points in the cylin- 
der. 

To control the speed, a governor, not shown in the 
figure, IS attached to the shaft and that controls the 
amount of steam in the valve-chest. 

The motion of the shaft can then be communicated 
by pulleys and belts to any desired place. 



C= Crank 
W =Fly-wheel 
Shaft 

h 2 = upper hole m 
the cylinder 
hi =lower hole in 
the cylinder 

A = Cylinder 
P= Piston 
Reconnecting 

Rod 

Cross head 
pm or gud- 
geon 

E = Crank-pm 
V e Valve 
R'eEccentric 
8= Steam pipe 
V.C. e Valve-chest 
P.R, episton-rod 
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Such an engine is called a double-stroke recipro- 
cating engine. 

The essential parts are: (i) cylinder, {ii) piston and 
(Hi) some means of controlling the steam. The piston 
is a movable division-plate, constrained to move axially 
within the bore of the cylinder. It must fit exactly 
into the cylinder and should not allow steam to pass 
from one side to the other. 

The Horse-power of an engine is given by the 

o 1 P. a.hn 

formula , 

660 ’ 

where P=the average pressure of the steam in lbs. 
weight per sq, incli^ 
a=area of the piston in sq, inches^ 

Z= length of the piston -stroke in feet^ and 
w= number of single strokes per second. 

A single stroke means the motion of the piston 
either from bottom to top or from top to bottom, in the 
piston chamber. 

136. Internal-combustion Engine* In these en- 
gines, the fuel, supplying the energy, is burnt inside the 
engine cylinder. The engine of a motor car as shown 
in fig. 62, is a model of an internal-combustion engine* 
A and B are two cylinders, in which pistons C and D 
work. These pistons are directly connected to the 
main shaft. Water-jacket F, in which cold water cir- 
culates, keeps the cylinders cool. 

Water in the jackets, when heated, 
passes down through the radiator 
JR, which is fixed in front of the 
car and is cooled by the wind 
generated by the fan working 
inside. 

Working. When the piston 
is at its lowest point, as shown in 
A fig. 62, there is always some 
space left between the piston and 
the base of the cylinder. This space is called explosion' 



Fig. 62 
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chamber. In this chamber, near the base of the 
der are two valves, not shown 
in the figure. Through one of 
these called the throttle valve 
or the inlet valve^ the fuel is ad- 
mitted, while through the second, 
known as the exhaust valve^ the 
product of combustion is expelled. 

Four strokes of the piston, as 
shown in fig 63, complete a cycle 
of operations. At the first stroke 
fig. 63 (1), the piston moves out, 
ihe throttle- valve {1.0) opens and 
the fuel enters the explosion- 
chamber through the valve. At 
the second stroke fig. 63 (2), the 
piston moves in, the throttle- valve 
{T.C) is closed and the fuel is 
compressed in the small space. At 
the end of this stroke, the fuel is 
exploded by an electric spark. At 
the third stroke fig. 63 (3), both 
the valves are closed, the piston 
is pushed out by the great pres- 
sure of the exploded fuel, 


cyliri- 

]to 

I 




EC 


EC 


mo 


Fid. 63 

At the fourth stroke fig. 63 (4), 
the exhaust- valve E.O opens, the piston is pushed in and 
the product of combustion is driven out. The engine 
has now completed one cycle. 

Gases or vapours of petrol or benzine are used as 

fuel. 


The liquids are generally converted into vapour, 
and mixed with proper quantity of air in an apparatus 
called carburettor. The fuel is then known as gasoline. 

These engines are light, easy to start and more 
economical. They are extensively used in motors, aero- 
planes and light-boats. 

SUMMARY 


Caloric. Ancients believed that heat was due to a weight 
less and self-repellent elastic fluid. 
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Rumford and Joule have shown conclusively that mecha- 
nical work can be converted into heat and mca versa. 

J. the mechanical equivalent of heat is equal to 4’2 X 
10^ ergs, i e. to get one therm, work equal to 4*2 Joules is 
requiied. 

First Law of Thermodynamics. — When work is transformed 
into heat or heat into woik, the quantity of heat is mecha- 
nically equivalent to heat. 

EXAMPLES 

1. A cannon-ball, the mass of w'liich is 100 kilograms, 
is projected with a velocity of 500 meties per sec. Find 
what amount of lieat would be piodiiced, if the ball were 
suddenly stopped (Science and ArtSy 1809) 

K E. = Vs X 100000 X 50000 X 50000 

Therms generated will be equal to 
1 X X I 

2. With what velocity should a lead bullet at 50*^0. 
strike against an obstacle in order that the heat produced by 
the arrest of its motion, if all were preserved within the bul- 
let, might be just sufficient to melt it; sp heat of ]ead = *031, 
melting-point of lead^BSb'^O and latent heat of fusion = 5*37. 

(i) Quantity of heat required to raise the temp fiom SO'^C. 
to 335''C. =m X 031 X 285=8 835/h 

(ii) Quantity of heat required to melt it 

= wiX537 =5 37m 
Total quantity of heat = 14’205m. 

Let the velocity be v 

thein V2m«;^=4*2 X X 14*205 X m 
v=3 45 X 10^ ciiis per sec. 

3. Water falls from a height of 100 metres If the 
whole of the energy is changed into heat and is retained by 
watei, what is the rise of temperature''^ 

4. From what height must a bullet be dropped in order 
that it may be completely melted by the heat generated by 
the impact, assuming that 4/5 of the heat generated remains 
in the bullet. 

Heat required to raise 1 gm. of lead from the initial 
temperature and to melt it =15 theims, <7=980 cms. per 
sec. per sec. (S.and Arts, 1895) 

5. All engine, working at 622*4 H. P., keeps a tram 
running at constant speed on level ground for 5 minutes. 
How much heat is produced? — assuming that the missing 
energy is converted into heat. Mechanical Equivalent = 
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778 ft. lbs. of work. 

6. Meteorites are small, cold bodies moving about in 
space. Why do they become luminous, when they enter the 
Earth’s atmosphere? 

7. 120 gms. of water are heated from 0*^ to 100°C. If 
the heat-energy put into the water could all have been made 
to do useful work, how high would a cannon-ball, 250 gms. go? 

EXAMINATION QUESTIONS VII 

1. State clearly the propeities of saturated and un- 
saturated vapours. What is Dalton’s law of partial pressures ? 

If water boils at 99^0 when the pressure is 73 cms. 
What IS the saturation pressure of steam at lOl^C.? 

2. Describe Dulong and Petit’s method of determining 
the co-efficient of real expansion of mercury. Deduce the 
formula used 

3. How would you study the hygrometric state of air 
at any place? Define dew-point, relative humidity and 
saturation vapour-pressure. 

4. Describe some accurate method of determining 
Joule’s Mechanical Equivalent of Heat. 

5. How would you construct an absolute scale of tem- 
perature^ 

A ball of copper sp. heat *1, weighing 400 gins, is trans- 
ferred from a furnace to 1000 gms. of water at 20°O. The 
temperature of water rises to 50^0. Calculate the tempera- 
ture of the furnace. (P U. 1923) 

6. There are two specific heats of a gas. Explain the 
above expression, giving in detail a method to find the 
specific heat of air at constant volume 

7. Describe Ingenhausz’s apparatus for comparing 
thermal conductivities of metals. State the formula employed. 

Discuss the advantages and defects of the following 
thermometric substances. — mercury, alcohol and air. 

8 Describe some form of inaxiinmn and minimum ther- 
mometer. 

9. How would you determine the linear co-efficient of 
expansion of a metallic rod? Define co-efficieiit of linear 
expansion. 

10. How would yon prove that the density of water is 
maximum at4^C.? What is the importance of the above fact 
in Nature? 

11. Describe Bunsen’s Ice Calorimeter. What ad- 
vantages has this method over others*-^ 

12. Discuss 111 detail the laws of change of state from 
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solid to liquid. Wliat is regelation? 

13. Define latent heat. How can the latent heat of 
steam be determined experimentally? Discuss the 2)recautions 
and the sources of error. How to eliminate or correct them? 

14. Write short notes on * — Conduction, Convection, 
Radiation, Diathermancy, Ignition temperature and Davy’s 
Safety-lamp. 

15. Explain with a clear diagram the principle of a 
steam engine. 

15 (a) State Newton’s Law of Cooling* What is the differ- 
ence between specific heat and thermal capacity of a body? 

16. Describe an experiment for determining the speci- 
fic heat of a liquid. 

17. What is the difference between heat and light ? 
State the laws of thermal radiations, describing briefly how 
they can be proved? 

18. Deduce an expression connecting volume and pres- 
sure of a gas with temperature. Explain isothermal and 
adiabatic changes. 

19. Give the weight-thermometer method of finding 
the apparent co-efiftcient of expansion of a liquid. The den- 
sity of mercury at 0®C. is 13‘6 and at 100°C. it is 13’35. Cal- 
culate the co-efficient of absolute expansion of mercury. 

20. What IS Prevost’s Theory of Exchanges? Give an 
experiment to explain the theory. 

21. Define emissivity of a surface. Describe an ex- 
periment to prove that absorbing power of a surface is equal 
to its emissive power. 

22. Define co-efficient of thermal conductivity of a 
substance. A current of dry steam is maintained through a 
glass steam-trap, surrounded by melting ice on all sides. 
Determine the thickness of glass walls and the steam con- 
densed per minute. 

Given Total area of glass trap =100 sq. cms. 

Ice melted per minute =75 grams. 

Co-efficient of thermal conductivity of glass ='001 

(P. U. 1929) 

23. Discuss the development of the Mechanical Theory 
of Heat. 

24. Describe some experimental method for determin- 
ing thermal conductivity of a solid. 

25. Describe the construction and graduation of a gas 
thermometer. Explain how you would use it to find the 
melting-point of naphthalene. 



LIGHT 

CHAPTER I 

Fundamental Properties of Light and Photometry 

137. Introductory — Light is the external cause of 
our impression of vision. Objects, excepting those 
which emit light themselves, cannot bo seen, unless 
light falls on them. Thus objects lying in a dark room 
are invisible; and to make them visible, we require 
something, which we call light. 

Objects, which emit light themselves, such as a 
burning candle, an electric lamp or the Sun, are called 
self ’■luminous. 

Homogeneous medium is one, which has the same 
density and properties throughout its mass. 

A transparent substance like glass, is that which 
allows light to pass freely and objects can be clearly 
seen through it. 

An opaque substance like wood, is that which cuts 
off all the light and objects cannot be clearly seen 
through it. 

A translucent substance like greased paper, is that 
which allows some light to pass through it ; but the 
outline of objects cannot be clearly seen through it. 

Ray is the term applied to the straight path, along 
which light from a point travels. 

A collection of rays proceeding from or to a point, 
is termed a pencil of light. 

A collection of rays, proceeding from various points 
of a luminous object, is called a beam of light. 

138. Rectilinear Propagation of Light \ — light 
travels in straight lines through a homogeneous medium. 
A small opaque obstacle held in front of the eye, cuts 
off‘ all the rays coming from the other side. This shows 
that light does not bend. 
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Experiment. Take two screens having very small holes 
in them. Arrange 
them m a line 
with a candle 
flame. An eye 
placed in this 
line behind the 
screens will see 
the flame ; but a 
slight displace- 
ment of either the flame or the eye or either of the two 
screens, will make the flame invisible. 

Experiment. Place a white screen of paper or cloth 
opposite a small hole in the shutter of a dark room. An 



inverted image of the objects outside, will be formed on it. 
The image will be moie distinct, if the hole is smaller. 

The explanation of the above is furnished by the fact 


that light travels m 
straight lines. Consider 


an object AB^ placed 
in front of a small hole. 
A ray starting from A 
passes through O and 
IS incident at A"', thus 
A' gets light from A 
and from no other 
point. Similarly gets 
light from B, Thus an 




inverted image is seen. Pig. 2 

This forms the basis of a Pin-hole camera^ an 
instrument used to take photographs of the landscape. It 
consists of a closed camera with a small hole in front 


and a ground-glass screen behind. 

In order to get a sharp and well-defined image, 
it is essential that the hole should be very narroic, 

A big hole may be supposed to consist of a large 
number of small holes. Each one of which will give 
rise to a separate image of its own; thus the various 
images will overlap and the resulting image will be 
blurred and confused. 


The advantage of this instrument over a photo- 
graphic camera is that it is cheap and requires no 
focussing ; but the images formed are not bright 
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enough to effect a photographic plate as quickly as 
those formed by a photographic camera. 

If the distance of the object from the hole be 
denoted by u and that of the image by v ; we have, from 
the similarity of triangles OAB and OA^JV (tig, 2), 

= JL. 

AB u 

ie dista nce of image 

object distance of object * 

Thus to get a magnified image, either ti should 
be decreased or v increased. But by magnifying the 
image, its brightness decreases. 

Shadows. Whenever an opa(]uo object is held in 
the path of rays of light, they are cut off and a region, 
where no light falls, is created behind the opaque 
object. This is called a shadow. It is evident that the 
production of shadows is the result of rectilinear pro- 
pagation of light. 

Experiment. Let L (fig, 3) be a point-source of light and 
an opaque sphere 0 be held between it and the screen S. 
The region AB on the screen does not get any ray and thus 
it will be dark; while all points above A and below B of the 
screen will be bright, because they get light from the 
luminous source. 



Generally the source of light is not a point but 
has a definite boundary and so the shadow is not 
very sharply defined. Figure 4 illustrates this. 

AB is the region of total darkness^ while points above 
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C and below 7) are fully illuminated ; but in the regions 
AC and BZ>, there is only partial shadow. The shadow 
gradually fades from A to C and from B to D respec- 
tively. 

The region of total darkness, such as AB in fig. 4, 



IS called Umbra and the region of partial darkness, such 
as AO or BD in the above figure, is called Penumbra, 
Experiment. Let the source of light L be very large 
in comparison to 0, the opaque obstacle, then the umbra 
will be a cone having its apex at (7, Fig 6. And if a screen 
be placed in the position AB, there will be a small area of 
deep shadow surrounded by a region of partial darkness. If 



Fig. 6 

however, the screen be shifted to DE, there will be no com- 
plete shadow but merely a confused half-shadow. 
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all the 
the Moon 


three 

casts 

from 


It may he remarked here, that on careful examina- 
tion^ it will be noticed in each case, that the shadows cast 
by opaque objects have no sharp defined edges ; but on 
the contrary^ show a gradual transition from total 
shadow to total brightness. This effect is called diffrac- 
tion and is due to very slight bending of light. 

Eclipses. The Solar Eclipse is the direct outcome 
of the shadow 
oast by the Moon — .. 

Moon occupies ^ 

the position mi, Fio. 6 

between the Earth and the Sun, and 
are in the same plane and straight line ; 
a shadow and prevents the light of the Sun 
falling on certain areas of the Earth. In these areas, 
the Sun will be either invisible or partially visible ami 
this is called the Solar Eclipse. 

The Lunar Eclipse is caused by the shadow of the 
Earth on the Moon. When the Moon occupies the 
position m 2 (Fig. 6), with respect to the Earth and the 
Sun, the Earth obstructs the sunlight from reaching 
the Moon, which has no light of its own, and 
appears to be dark. This is called Lunar Eclipse. 
Here also the condition necessary is, that all the three 
heavenly bodies should be in the same plane and 
straight line. 

139. Intensity of illumination. The amount of 
lights which falls upon unit area of a surface in one 
second^ provided the light is incident normally^ is called 
the intensity of illumination of that surface. It is im- 
possible to measure intensity of illumination absolutely, 
because our eye is incapable of giving any numerical 
value of the brightness of a surface. It can however, 
give us an idea of the relative brightness of two 
surfaces and of the same surface, when illumined 
by two diflPerent sources. 

Law of Inverse Squares. The intensity of illumi- 
nation of a surface^ due to a point-source of lights varies 
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inversely as the square of the distance of the surface 
from the source. 

Let L be a luminous source of light, giving a 
quantity of light L per ■■ 

second. Suppose this source 
to be situated at the centre ^ 
of the sphere of radius r. f ^ \ 

Then the whole of the light ( f \ \ 

L, given out by the source, f / n \ | 

will fall on the surface of I I j I 

the sphere and be inci- V \ / J 

dent normally. Thus inten- \ / 

sity Ii i.e. the quantity of y/ 

light falling on unit area 

of the surface of the small 

sphere, will be equal to Fig. 7 

2 ' surface of a sphere being 

4‘n’r2. Suppose this small sphere of radius r is now 
replaced by a bigger sphere of radius whose centre 
also coincides with L ; then by the above reasoning, the 
intensity /g on the surface of the bigger sphere will 

be equal to 

Thus we have /i=-~and/ 2 =. — r-r-, 

4TrH 4Tr/^^ 


The intensity, due to a source at a given distance, 
varies inversely as the square of the distance of the 
surface from the source. 

Illuminating power of a Source ’*-. — Illuminating 


* It should be carefully noted, that illuminating powers of two 
sources of light arc proportional to their intensities at 1 cm. from them. 

Thus Ii= -and or ^ • 

4ir 4-3^ h L 2 

For this reason, illuminating power is also defined as the 
intensity of illumination produced by the source at 1 cm. from it. 
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; and di and their 


power of a source of light is the total light, emitted by it 
per second. 

The illuminating powers of two sources of light, 
situated at distances di and dj from a screen, where 
they produce equal intensities, are directly proportional 
to the squares of their distances from that screen. 

Let Li and L 2 be the sources of which the illumina- 
ting powers are Li and 
distances from 
the screen. 

Then Ii, 
the intensity 
due to Li on 
the screen S 

will be ■ 

iirdi^ 
and Lj, the in- 
tensity due to 
L 2 on the same 

screen will be 


02 



S 




I.,. u 1 


_L2_ 

^•ndz^ 


If /i 


then 


Fig. 
be equal 


8 

to h, 


or 


4irdi2 

Li 

L 2 


Aird./ 


If two sources of light produce the same intensity 
of illumination m a common surface, their illuminating 
poicers are directly proportional to the squares of their 
distances from that surface. 

The above equation affords us a method of com- 
paring the illuminating powers of two sources of light. 
The process is called Photometry and the instruments by 
which this comparison is effected are called Photo- 
meters. 

Rumford’s Photometer. It consists (Fig. 9) of a 
cylindrical rod R, fixed in front of a vertical ground- 
glass screen AB. The two sources of light, Li and Z 2 , 
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are placed to the right of- 4 /J in such positions, that each 
one of them casts a separate shadow of the rod R on 
AB, The distances of the souices are so adjusted, that 
the shadows are of ocpial depth, lie side by side and do 
not overlap. 


Then 

J-2 



Good comparison is effected by T?umford’s photome- 
ter; and a totally daik room is 7 wt an absolute necessity. 



Fig. 9 

Bunsen’s grease-spot photometer : — 

It consists ot a jdain piece of white unglazed 
paper, asrnall circulai ai('a of which is niad(‘ translucent 
by a greased spot This pilot omet(^r is filaced bidween the 
two sources of light and its position altered, until the 
greased spot and the rest ot the paper appear to be 

equally illuminated , then , where di is the 


distance of Li from the photometer and (I2 that of /.2. 
Theory of the above photometer is as follows: — 
Let and ({2 be the quantities of light per sej ern., 
falling on opposite faces of the photometer, fiom the 
sources L\ and L2 respectively. Suppose the unglazed 
paper reflects a fraction x of the light and transmits 
the remainder i— cC; while the greartod spot reflects a 
fraction y of the light and tiaiismits the remainder 1 — 2 /* 
Then on seeing the photometer from the side of 
the source Lj, the light which will reach the eye from 
the unglazed paper will be +(/2 (1 — a)] and that 
which will reach the eye from the greased spot will be 
[?!?/ + 92(1 “" 2 / 1 * When however, the two appear equal- 
ly bright, we must have 

qxsc + qi{l-x)— qiy -k-qdX-y) 
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qi{x-}j)=qd^--!j); 

or (Jividuig by (.>r — y), 

qi=q2 


^ 2 

4'n-rfx^ 4:Trd2^ ’ 


or 


/. I ^ cW^ 
i^2 ^2" 


Joly’s photometer. It consists of two similar, plane 
and parallel slabs ot ])aral(iii-vvax. with a sheet of tin-foil 
in between them. The photonu'lc'r is plac-ed between 
the two sources and its position adjnsted, till on looking 
sideways, bo1h the >labs apjxMr e(pnil]y biiglo ^ 


Light standard The standard of light: used for 
companion is tln^ emitted by a speini candle, weigh- 
ing () to the pound and burning 120 giains per hour 
The brightness depends upon seveial tactois, such as 
pressure, presence of vapour in the atmosphere and 
other causes, and is liable to lluctuations. 

SUMMARY 

1 Li^lit IS the external cause of our impression of 
vision 

2. Li^jjht travels iii stiaij^ht lines tliiou^h a homogene- 
ous modi mil 

3 Substances, wlneli allow light to iiass thiough tliem 
are called transparent, while those, v Inch ( iit off* Iiglit com- 
pletely. are knoun opaque, and those, vIik h allow light to 
pass thiough them, hut thiougli which siihstances cannot he 
seen distinctly, aii' known as translucent. 

4 Uinlua means the 1 cgion of total daikiiess, while 
pennnihia means tlie icgioii ol paitial daikness. 

5 The quantity ot liglit falling noimallv in one second 
on a niiit aiea IS callcHi Intensity of illumination, while the 
quantity of light emitted by a souice per second is called 
illuminating power 

6 The intensity ol illumination of a suiface vanes 
inveisely as the sipiaie ot it'> distance fioni the source. 

7. The illuminating poweis of two sources vai y diiectly. 
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as the squares of their distances from the screen, over 
which they produce the same intensity of illumination. 

EXAMPLES 

1. A lamp produces intensity of illumination on a screen 

20 metres from it, equivalent to that of 1*2 candles at 50 cms. 
Find the candle-power of the lamp ? (L.U.) 

2. Two sources of light, each 2 candle-powers, are 

placed on the same side of a Bunsen’s grease-spot photo- 
meter. One is at a distance of one foot from the spot and 
the other at 2 feet. Where must a third source of 5 candle- 
powers be placed in order that the appearance of each side 
of the photometer may be the same ^ (L.U.) 

3. A lamp produces a certain intensity of illumination 
at a distance of 50 cms. from it. On placing a sheet of glass 
between the lamp and the screen, the former must be moved 
10 cms. towards the latter to produce the same intensity of 
illumination. What percentage of light is stopped by the 
glass ? 

4. Two sides of a photometer look alike, when the 
distances of the sources are 1 foot and 3 feet respectively. 
What should be the distance of the fainter source, when the 
brighter one is at 5 feet ? 

5. The diameter of the Sun being 900,000 miles, its 
distance from the Earth 90,000,000 miles and the diameter 
of the Moon 2,100 miles. Find the distance of the Earth 
from the Moon at the time of total Solar Eclipse on a single 
point on the Earth’s surface. (P.TJ.) 

6. Qutub Minar appears as big as a pencil long, when 
the pencil is 5 feet from the eye. If the Minar be at a 
distance of % mile, find its height. 

7. A circular uniform source of light is 2 inches in 
diameter and a sphere of the same size is placed 3 feet 
away. Find the sizes of the umbra and penumbra, 3 feet 
away from the sphere. 
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REFLECTION 

140. Laws of Reflaction. When a nartt)W beam 
of light falls on a smooth polished surface, it is sent 
back in the very same medium according to definite 
laws, known as the laws of reflection. 

(i) The angle of incidence is equal to the angle of 
reflection* 

(ii) The incident ray, the reflected ray and the 
normal to the reflecting surface at the point of inci- 
dence, lie in the same plane. 

When the surface, from which reflection takes 
place, is rough, the reflected rays go in various direc- 
tions and the light is said to be scattered or diffused. 
Experiment. Let AB (fig* 10) be a plane mirror peipendicu- 


lar to the plane 
of paper. Pix 
two pins C and 
D to denote the 
incident ray. 

On looking from 
the other side, 
fix pins E and 
F in such away, 
that they are 
in a line with 
the images of 
C and D, Join 
CA EF and from FlG. 10 

the point of intersection of these draw perpendicular to AB, 
Ray CD, which proceeds towards the mirror is 
called the Incident ray ; rav EF, which proceeds from 
the mirror is called the Reflected ray and the perpendi- 
cular N is called the Normal, The angle, which the 
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incident rajf makes witli tlio nonnal^ is eallcd the angle 
of Incidence ond the an^le whieli the reflected mg makes 
with the nonnaJ^ is called the an<;le of leflection. 

Measure the angle of iiu nleiiee /_i and the angle 
of rellectioii Z>* and you will see thai they are equal, 
t.e. Z^=Z?’* Tins proves th(‘ first law. Further the 
bases of the puis 6^ and /> ihniotnig the lueidcMit ray, 
the bases of the pins E and F denoting the refieitted ray 
and the normal all Ik^ in tlie [ilane of the jiaper; and 
thus th('y are in the sanu' plane. 

Experiment Tlie law'r^ of relleetioii inav further he veri- 
fied with the help of the instuiinent 
called ReHeetion and llefiaetion ap- 
paratus shown in fig 1 1 It eonsists 
of a veitical ciiehi giaduatinl in 
degiees A small iiinior AB is fixed 
at its centi e and in a ])lan(‘ j)eipen- 
dicular to that ol the eiiele Two 
tubes T\ and 7b aie fixed on it'- (ii- 
cumfoience and their axesaie direct- 
ed towards the ccnitio ot the eiicle 
The zero of the scale coincides with 
0 , where (JO is the noiinal to the 
])lane nun or Hold a candle flame 
near the tube 7b, so that lavs 
through it, lall on the minor, look 
thiough the other tube and move 
it till the 1 cfiecled jmag(5 ot the candle llame is visible Note 
the angles, wdiich eadi tube makes with tlie normal and 
see that they arc cynal Moreover the jdane of the circle 
contains the incidmf ray, the reflected ray and the normal 
Thus l>oth the laws aie inched. 

Image in a plane mirror. Tjot MM' (fig. 12) be 
a plane miiror suppo^sl [lerjiendicular to the piano of 
the paper and let 0 be* a luminous object situated m 
front of it. Let any two ra}^s OA and OB starting from 
0 be incident at A and B rc'spoetively. Tlies(‘ iircddent 
rays give rise to the roficuded rays, A(J i\iu\ BI)^ which 
when produced backwards, meet at O'. Thus O' is the 
image of 0. 

ZOZ.V==ZtMxV, by laws of reflection or Zi=Zr 
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^OA]\I^^CAM\ l)(‘ino: coniploniciitary of equal 
ang]('s, Li JUkI Zi* ros])ectively. 

But Z6Mil/^=:ZOMil/,beiug verljeally opposite angles, 
/. lOAM'—liyAM^. be- 
ing sn[>j)leinentary of c(|ual 
angb^s, 

and LOAM— LO^ AM, 

By similar n'asoning 
L01]A= LO^ UA. 

Tn tli(' triangbvs OAll 
and O^AJi, Ali is ('omnion 
and two angle's of (Ik* oik* 
are ic‘spe'cti\el,v ('(pial to two 
angles of the otln'i* 

the tuangles are 
congruent 

Tims OA-(yA (f) 

Ag.iin join 00^ and in Y 

the two triangh's OAP uml 0^ 

O^Al\ Fk; 12 

Oxl = (^Zl prov(‘d 111 eepiation i/j above', 
Z0Z7^=Z0M/^ „ above, ^ 

and .[P is eoinmon, 
tin* triangles are congruent ; 

Hence OJ*=z(yj* and Z = Z 

T/ic una(jc of an object /fes as far behind the mir- 
ror a ^ the object /v m front of it, and the line joinnuj the 
object and the i inn ije intersects the re/tec t inf/ surface at 
VKjht onrjtes 

The laNs |)io('(‘t*(ling fioin the obg'ct are reiloeted 
from the nnrroi, hul tln'v appear to come Irom 0\ 
a ])Oint bilniid the niiiror, thej\‘fore (7' is called the 
virtual imaije of 0 

A virtual inuuje is that a Inch cannot be obtained 
on a screen ai»d the raijs do not actnathj pass throiajh 
the pointy where the image appears to he. Images formed 
hi] plane mirrots are at wags t irtiial. 

To trace the course of rays for an object of finite 
size placed in front of a mirror. — 


N !V 



/ / 
i f 

U 
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Let AB be the object placed in front of a mirror. 
A gives rise to the 
image -4', as far be- 
hind the mirror as 
A is in front of it and 
similarly B gives rise 
to the image B^. Thus 
the reflected image 
A^B' is of the same 
size as the object AB. 

The course of rays by 
which the image is 
seen by the eye E is 
shown in fig. 13. 

141. Principle of 
Parallax. If an eye 
be placed in such a 
position that any two 
objects or two images 
or an object and an image /'real or virtual), appear in 
a straight line ; then on moving the eye to one side 
the thing, which lies nearer to the observer, always 
appears to move more to the opposite side. The prin- 
ciple is of great importance in so far as it enables us to 
judge, which of the two things is nearer to us. If two 
things are situated at one and the same point, then on 
moving the eye one way or the other, no displacement 
whatsoever is noticed between them. The student can 
easily verify this by holding a pencil in front of his eye 
in such a way that some distant well-defined object siJch 
as a telegraphic pole or the string of an electric lamp is 
covered over by the pencil. On moving his eye to the 
left, It will be noticed that the pencil will be displaced 
more towards the right. ^ 

142. To 6nd the position of the image of an ob- 
ject placed in front of a mirror. 

Experiment. Let Mg be a mirror placed perpendicu- 
lar to the plane of the paper. Let a pm be fixed at 0 to denote 
the object. Fix a pin B at random near the minor and then 
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fix a pin A, farther from the mirror in such a way 
that the pins 
A, IS and the 
image of 0 
appear in one 
straight line. 

Repeat the 
process on the 
other side, so 
that the pins 
C, D and the 
image of 0 
appear in an- 
other straight 
line. Remove 
the mirror and 
draw lines 
joining AB 
and DC. 

Their point of Flo. 14 

intersection gives the position of the image of 0. Because 
the image of 0 lies on AB as well as on DC, by construction; 
therefore it must lie on O'y the intersection of both these 
lines. Join 00' y intersecting the mirror at N. Show that 
ON^O'N and that 00' is normal to 

Experiment. Let MiM^ be a mirror scratched in the 
middle, and 

placed perpendi- ; 

cular to the i 

plane of the | 

paper. Fix a 

pm 0 in front of • 

it to denote the ; 

object. On look- \ ^ M, 

ing in the mirror, 
the image of the 
lower portion of 
the pm will be 
visible, the im- 0 

age of the upper Yiq. 15 

portion will be 

missing, because the silvered portion of the mirror is 
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scratched opposite to it. Now fix a pm behind the mirror in 
such a way, that its upper poition is visible through the 
scratched portion of the miiror and adjust its position at 
till there is no parallax between it and the image of the 
front pin, then the image of 0 is formed at 0\ Ee- 
move the mirror and join OO''. Show that ON’^O'N and 
00' IS perpendicular to ilfiA/j;. 


Rotating mirror. 

any angle 6, the reflec- 
ted beam rotates 
through double the 
angle^ Le, 20. 

Let Biy be the first 
position of the mirror, 
10 the incident ray, 
OR the reflected ray 
and ON the normal 
to the mirror in that 
position; then if the 
angle of incidence ION 
be denoted by Zf ; the 
Z/Oi? between the in- 


When a mirror is rotated through 



Fig, 16 


cident ray and the reflected ray will be equal to Z2 l Let 
the mirror be rotated through an angle 0 to the position 
the normal will be shifted to the position ON'^ so 
that the /_NON between the two normals will be 0. 


The new angle of incidence ION* will become (i + 0); 
and HIOR' between the incident ray and the new re- 
flected ray will be 2(i+0). 

Z ROW i,e. the angle between the old and new 


reflected rays will be 2(f + 0) — 2i=20. 

Lateral Inversion. In a plane mirror, the right of 
an object appears as the left of the image and the left 
of the object appears as the right of the image; this is 
called lateral inversion, as a consequence of this, the 
print appears inverted. 

Deviation produced by reflection. The incident 


ray CD, fig. 10, would have gone in a straight line if 
the mirror AB were absent. On account of reflection 
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from the mirror, its course is changed to EF, Thus its 
path is deviated through an angle tt — 2 ^. 

143. Inclined mirrors. When rays from a luminous 
point are reflected from a mirror, they appear to pro- 
ceed from a ]'>oint as far behind the mirror, as the ob- 
ject is 111 front of it If these rays fall on a second 
mirror, an image of the first image will be formed at 
the back of the second mirror and so on. It should 
be noted however, that in order to get an image of an 
object or image from a mirror, that object or image 
must he in front of the reflecting surface. When the 
object or image lies behind a mirror, no further image 
can be obtained from that mirror. 

(a) Two mirrors perpendicular to each other. 

Let XA and XB be two mirrors at right angles to each 



Fig. 17 

other and 0 a luminous object situated between them. 
An eye placed at E will see three images Oi, 0^ and O 3 
of the object. The course of rays is shown in fig. 17. 
The object gives rise to image Oi by reflection from 
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XB and to O 2 by reflection from XA» The image O 3 is 
formed by the coalescence of the image of Oi in XA 
and of O 2 in XB and is formed by two reflections. O 3 
being behind both the mirrors, no further image can 
be produced. Thus the number of images seen when 
mirrors are inclined at 90° is 3. 

But 3= —1. The actual course of rays is 

90 

shown in figure 17. 

(b) Two mirrors inclined at 60 °. 

Let XA and XB be two mirrors, inclined to each 
other at an ang- 
le of 60°. Let O 
be a luminous 
object situated 
between them. 

With X as cen- 
tre and XO as 
radius describe 
a circle. From 
0 draw nor- 
mals on Z^and 
XA to intersect 
the circum- 
ference of the 
circle at Oi and 
02 » Then Oi 
and O 2 will be 
the images of 
O formed by one reflection from XB and XA respec- 
tively. 

Now since 0\ lies in front of XA^ its image O 3 will 
be formed in XA by two reflections and the position of 
O 3 is obtained by drawing a normal from Oi on XA. 
The point of intersection of this with the circumference 
gives the position of O 3 (by simple geometry). 

Similarly O 2 lies in front of XB^ its image O 4 
will be formed in XB by two reflections and its posi- 
tion is obtained by drawing the normal form 0^ on XB. 


O2 



Fig. 18 
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Where this intersects the circumference, that gives the 
position of O 4 (as before). 

Again O 3 lies in front of XB and O 4 in front of 
XA] each of them will give rise to an image by three 
reflections and their positions can be found by the 
above construction. These two images overlap and 
give rise to one image O 5 , which lies behind both the 
mirrors and thus no further image can be produced. 


But 5= 


360 

60 


- 1 . 


Generalising from the above two cases, we come to 
the conclusion that n the number of images is alwaj^s 
360 

equal to — 1 , where© is the angle between the 


two mirrors ; that is, 

w=— — 1 , when — is an even number, 

© e 

or when — is an odd number. 

© © 

For in the latter case, the two final images are not 


superposed ; as does happen, when ^ is even. 


(c) Two mirrors parallel to each other. 

If the two mirrors are parallel, then © is zero and 


M. M, 


»» «5 Is I3 

1, 

0 

*4 U I« Is 



' r ^ 


Fig. 19 

from the formula, the number of images should theo- 
retically be infinite; but light is weakened at each 
reflection, so that the images, situated very far off, 
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become too dim to be seen, 

0 gives rise to Ii by reflection from Mi and to I 2 
by reflection from M 2 - Ii being in front ot M 2 gives 
rise to and I 2 being in front of Mi gives rise to 
and in turn give rise to other images. 

144. Kaleidoscope. It consists of 3 plane mirrors 
inclined to each other at an angle of 60*^, so as to form 
an equilateral triangle enclosed within a tube. On 
one side of the tube is a small hole for the observer 
to look m ; while the other side is closed with 2 pieces 
of ground glass, with a number of coloured glass pieces 
in between them. Due to multiple reflections, the colour- 
ed glass pieces together with their images, form beauti- 
ful symmetrical patterns, which are of use to designers. 

145. Reflection from spherical surfaces. 

Definitions. A reflecting surface, which is part 

of a sphere, is known as a spherical mirror. When the 
inner surface reflects light and the outer surface is 
silvered, the mirror is called concave ; if however, the 
inner surface is silvered and the outer surface reflects 
light, the mirror is called convex. The centre of the 
sphere of which the reflecting surface forms a part is 
called the centre of curvature. The boundary of 
the mirror is usually circular. The diameter of the 
circular boundary is called the Aperture and the centre 
of the circular boundary is called the Pole, Line join- 
ing the pole and the centre of curmture is called the 
Principal axis. Any line passing through the centre 
of curvature and incident on the reflecting surface is 
called a secondary axis. 

The distance of any point on the reflecting surface 
from the centre of curvature is called the Radius of 
curvature. Principal focus is a point on the principal 
axis, half way between the pole and the centre of cur- 
vature such that in the case of a concave mirror^ the 
rays which have their course parallel to the principal 
axis before incidence, converge to it after reflection ; 
while in the case of a convex mirror, rays parallel to the 
principal axis appear to diverge from it after reflection. 
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Distances measured from the pole in the direction 
opposite to that in lohich the incident ray travels are 
denoted by positive sign^ tchile those measured from 
the pole in the same direction in which the incident ray 
proceeds are denoted by negative sign. 

Principal focus is half way between the Pole and 
the Centre of curvature. 

Let AX be a ray parallel to the principal axis 
incident at the point X of 
a concave mirror. Join -Y to ^ 

(7, the centre of curvature. 

Then X6^is normal at the p 
point A", because every 
radius is normal to the 
circumference, where it is 
incident. From A" let the Z 
reflected ray proceed in Pjo. 20 

the direction XF,, where Fis the principal focus. 

Now ZAA(7=/lof incidence, 
and X. CXF^ Z i*^flection, 

/. by laws of reflection, Z J A(7= Z CXF ; 

but /_XCF^ being alter- 

nate angles; 

/. LXCF-ICXF, 

or CF=zXF, 

If X is very near to P, then XF=FF and therefore 
CF=PF^ very approximately. Thus F is midway 
between P and C, 

The distance of the principal focus from the pole 
is called the focal length. It is denoted by f and is equal 
r 

to , i, e, half the radius of curvature. 

146. Determination of focal length. 

Let XPZ fig. 21 (i), denote a concave mirror with 
P as the pole, 0 as the centre of curvature and O as 
the point-object lying on the principal axis. Let a ray 
OAbe incident at A^ Join XC and this gives the radius 
at the point X, The reflected ray will proceed from X 
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in the direction of XI making an angle r with XC, 



Fig. 21 (i) 

equal to the angle of incidence, then I will be the 
image of O, 

Now in the triangle OX/, £.0X1 is bisected by the 
line XC at the vertex ; therefore 0 intersects the base 
01 into two segments 00 and 0/, which bear the same 
ratio to each other, as exists between the two other 
sides of the triangle. 

. OX _ 00 

• ' IX 01 

Let the distance of O from the pole P be denoted by «, 
and that of I „ » by v, 

and that of 0 from the pole P be denoted by r. 

I'hen if the apeiiure be supposed very small and 
the distances u, v and r very large in comparison to it ; 

we have OX^OP and IX-IP, 


or 


OP ^ {OP- CP) 
IP - {OP- IP) 


[by equation (e) above], for 


X 


>uld be very near to P when the aperture is small. 

_ /k* ... 


or 


u u 


■{ia) 


Qj. ur—uv=uv — ?T, by cross-multiplication, 
or 

Dividing both sides by uvr, we have 
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J: + — = — for /== - (proved above). 
V u r f 2 

Thus we have ^- + ~-= (^^) 

V u t 


Fia 21 (ii) 

Again let XPZ, fig. 21 (^^), denote a convex mirror 
with F as the pole, Cas the centre of curvature and O 
as the point-object on the principal axis. Let a ray 
OX be incident at the point X, Join XC and produce 
it to N] then XJV is the normal at the point A", because 
XN is simply the prolongation of the radius XC. The 
reflected ray will go in the direction XY^ making an 
/_r with N e(|ual to the angle of lucidonce OXK. Pro- 
duce YA backwards to intersect the principal axis at /, 
then I IS the virtual image of O. 

In the triangle OXI the external angle OXY at 
the apex is bisected by XA, therefore this bisector inter- 
sects the base in two segments OC and I(.\ which bear 
the same ratio to each other as exists between the two 
other sides of the tiiangle. 




Then with the presumptions made in the case of 
concave mirrors and recalling that distances measured 
from P towards 0 are positive, while those measured 
towards C are negative, 


we have 


OP 

IP 


OP-^PC 
PC- IP ' 
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or M _ w+( — >0 
—V —r—{ — v)' 

“ u—r .... . 

—V V — r 

or — ?er=— w + w, 

or 2ui’>^tir+vr. 

Dividing as before by uv?', we get 



r u 


or — = + because /*= . 

/* r. w ’ ^ 2 

147. Position of the image by drawing the course 
of rays. 

So far we have been considering point-objects and 
images. When however, the object has a finite size, its 
image can be easily obtained by drawing the course of 
rays. To get the image, two rays are drawn from a 
point: one parallel to the principal axis which converges 
to the principal focus in the case of a concave mirror, 
or diverges from it in the case of a convex mirror; and a 
second ray proceeding from the point towards the cen- 
tre of curvature. The point of intersection of the two 
gives us the position of the image. Fig. 22 shows the 


/ 



Fig. 22 

(virtual) image A ' of the object AB formed by re- 
flection from a convex mirror. The student should 
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himself draw the course of rays when the object is 
situated at varying distances from the mirror and show 
that in the case of a convex mirror, the image is always 
virtual^ erects diminished and behind the rmrror. 

Fig. 23 gives the (real) image of the ob- 

ject AB formed 
by reflection from ^ 
a concave mirror. 

The s t u d e nt 
should draw the 
course of rays 
when the object is 
situated at vary- 
ing distances 23 

from the mirror and show that in the case of a con- 
cave mirror, the image: — 

(i) is real, inverted, diminished and in front of the 
mirror, when the object is at a distance greater than r 
from the pole. 

(ii) is real, inverted, equal in size, in front of the 
mirror and coinciding with the object, when the object 
is at the centre of curvature. 

{iii) is real, inverted, magnified and in front of 
the mirror, when the object is between the centre of 
curvature and the principal focus. 

(j/o) is real, inverted, magnified and in front at 
infinity, when the object is at a distance equal to f from 
the pole. 

(u) is virtual^ erects magnified and behind the mirror, 
when the object is at a distance less than f from the 
pole ; and 

ivi) is virtual, erect, of equal size and behind the 
mirror coinciding with the object, when the object is 
situated on the pole of the mirror. 

148. Relative position of image and object 
(treated mathematically.) 

The graphic method of finding the relative posi- 
tion of image and object has been given above. Now 
the same relationship can be easily deduced by the 
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application of the formula 

JL + _i= L or 

V U f' V f w * 

(i) In the case of a convex mirror, f is negative ; 
therefore for all positive values of u, d must be a nega- 
tive quantity and less than i.e. the image must be 
virtual, erect and diminished. 


If U'=^oo]V=—f] 

and if u is less than infinity, then v must be less than /; 

for 1 = - j i + -i j. 
r f / u \ 


Thus in a convex mirror, as the object moves from 
infinity to the pole, the image moves from the princi- 
pal focus to the pole : — 

(i/) In the case ot a concave mirror: — 

(a) If the object is at infinity, then as /*is positive 
and 00 



1 

00 



«=/: 


i.e. the image is at the principal focus. 

(A) When the object is at the centre of curvature, 

— = or 

V f 2/ 2f ^ 

The object and the image coincide. 

(c) When the object is at the principal focus, 


u—f, 

J:=-^^ArzOor'U=oo. The image is at infinity, 
(d) When the object is at the pole, ^^=0, 

l = J .--00 
^ / 


or —0 ; the image is virtual and is behind the mirror. 

149. Conjugate foci. In figs. 21 {i) and (ii), rays 
from an object at 0, after reflection from a mirror XPZ^ 
form an image at I, A ray such as IX in a concave mirror 



REFLECTION 


326 


fig. 21 (i), or YX in a convex mirror fig. 21 (ii), is 
reflected along XO. Thus an object real or virtual at I 
gives rise to an image at 0; and the points 0 
and /are such that an object at one of them gives rise 
to an image at the other. The points 0 and / are term- 
ed Conjugate foci, 

ISO. Magnification. In the case of mirrors and 


lenses, magnification is defined as the ratio of the linear 
dimensions of the image to the linear dimensions of the 
object. 


Thus in figs. 22 and 23, the ratio 


is called 


magnification. When distances are measured from 
the axis in the upward direction, they are positive; 
while distances measured in the downward direction 
are negative. Thus magnification in a convex mirror is 
positive; while in the case of a concave mirror (Fig. 23), 
it is negative. 

{a) To get an expression for magnification in 
terms of u^ t’, /’and r, wehavethe right-angled triangles 
CA'B^ and CAB (Figs. 22 and 23j similar, 


. A'B^ (nv 

aerotore— -=— , 


or ^ , ill fig. 22 for a convex mirror, 

O ‘-{r—u) 

or ,from equation (^^^a)P. 322. 

0 u — r u 

As ^ is positive ; but v is negative in the case of a 

convex mirror, so a negative sign is attached to v to 

make the ratio — positive. 
u 


In the case of a concave mirror, 

- - in fig. 23 for a concave mirror. 
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Or— ^ =- — ?=— , from equation (i a) P. 320. 

O w— r 

I -V 

or— = . 

O u 

As ^is negative, but v and u are positive, so a nega- 
tive sign IS attached to to make the ratio 
^ negative. 

Thus magnification is equal to — — for both convex 
and concave mirrors. ^ 

(h) Again referring to figs. 22 and 23, we have the 
triangles FA'B^ and FXY similar: 

I FB^ 

therefore, we both convex and 

concave mirrors. ^ ^ ^ 

Now for a convex mirror, fig. 22, 

we have^= — , 

I v—f 


or 


/- (v-f) 


0 f 

And for a concave mirror, fig. 23, 

, I_v-f 

we nave ~-q — 


or- 


y-f 


O f 

Thus magnification is also equal to — 


both the mirrors. 


f 


for 


(c) Again, we have — +— =-ifor both convex 

I? M T 


and concave mirrors. 
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Or multiplying both sides hy u, we get 


^ f 


Inverting both sides, we get 


U U y u—f 
or-~= — -“1 = '— L. 

V f f 

Inverting both sides, we get — 
or = — 

U u-“f 

but^=X,-,_f = __L.. 

u O O 

Hence magnification is also equal to — — for both 

u-f 

kinds of nihrors. 

(d) Again from equations (i a) and (m a), we have 
—V I r—v 


Thus magnification is also equal to — , for both 

u—r 

kinds of mirrors. 

SUMMARY 

1. Laws of Reflection. Angle of incidence is equal to the 
angle of reflection; and the incident ray, the reflected ray 
and the normal he in the same plane. 

2. Image IS formed as far behind a plane mirror, as 
the object is m front of it. 

3. Real image is one, which can be obtained on a screen; 
while a virtual image is that, which cannot be obtained on 
a screen. 

4 . The reflected ray is turned through double the 
angle, through which a mirror is rotated. 

5. Two mirrors inclined to each other at an angle 0, give 

360 

rise to a number of images given by the formula, n== — — 1. 

6. Focal length of a spherical mirror is given by 
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7, Magnification is defined as the ratio of the linear 
dimensions of the image to the linear dimensions of the ob- 
ject; and 18 equal to— — “ . 

u 

EXAMPLES 

1* The image foiined by a convex mirror of focal 
length 30 cms. is a quarter of the size of the object. What is 
the distance of the object from the mirror’ (P.C7. 1926 ) 

r\ A * But ^ y 

0 4 O It 

•^v 1 _ — 

.. , or 

4 4 


Substituting this value in the equation, , 

V u f 

, 1 , 1 _>1 

we get — — “1 

^ — n u ^ 


-4 I 1 « 1 __ 1 

or •T — , 

ii ii f 30 

h= 90 cms, 

2. The image formed by a concave mirror of 30 cms. 
radius of curvature, is twice as big as the object. Find the 
distance of the object from the mirroi’ 

When the image is real, it is always inverted : — 

I -2 , I 

— V 

— 2= , or v^2u. 


■■■ li-".7=7/ 

1 I 1 - 1 

M 2n 15 

_ I 

2tt 16 

or 45 = 2it 

45 

or 

When the image ia virtual. — 

I _2 , 

O I O u 
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, or v=^—2ii 
u 



or w=7*5 


3. A concave mirror is to be used to give an image of 
an illuminated slit, on a screen 15 cms. from it, 1*25 times 
tlie length of the slit and parallel to it. Find the focal 
length of the mirror‘d 

4. An object 3 cms. high is placed at a distance of 120 
cms. from a convex spherical minor of 30 cms focal length. 
Find the size of the image {P U 1920) 

5. An object placed in front of a mirror gives rise to 
an image twice as large as itself The object is moved 
5 cms. towards the minor The magnification becomes 3 
times. Find the focal length. 

6. Show that the size of a plane mirror should be at 
least half the size of an observer, if he wishes to see his 
full-size image 

7. If the lull moon’s disc subternls an angle of one deg- 
ree at the Earth’s surface, find the focjal length ol the con- 
cave mirror, which would produce a leal image of the moon 
upon a screen, the diameter of the image being 3 cms. 

8 An object is placed 4 inches from a concave miiror 
of focal length 8 inches. How far away is the image and 
what IS its magnification‘s 



CHAPTER III 

REFRACTION 

151 . When a ray of light passes from one transpa- 
rent medium to another transparent medium of differ-^ 
ent density, its path undergoes a change of direction 
at the surface of separation of the two media. This 
phenomenon is spoken of as Refraction, 

£*perimetit. Allow a beam of Sunlight AB, fig. 24, to 
fall on the surface of eosine- 
solutioti contained in a rect- 
angular glass vessel. The 
path of the beam in the 
liquid is marked by green 
streak BC, showing that 
the ray has been bent on 
being incident at the point 
B, AB IS called the inci- 
dent ray, BC the refracted 
ray and BR the normal. 

Laws of Refraction. The 
bent ray always obeys the C 

following laws: — 

1. The incident ray. Fig, 24 

the refracted ray and the normal at the point of incidence 
lie in the same plane, 

2. When a ray of light travelling in a rarer medium 
is Incident on the surface of separation from a denser 
medium, it bends towards the normal and when it enters 
from a denser to a rarer medium, it bends away from the 
normal. 

3 If the rarer medium consist of vacuum (or even air), 
then the ratio of the sine of the angle of incidence to the sine 
of the angle of refraction, is constant for the two given media 
and is called the refractive index. It is denoted by the 

Greek letter Thus 

Sml 

880 
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The last law is sometimes called SnelVs Laiv, after the 
name of the Dutch Philosopher, who first discovered it. 

The laws of refraction are verified m the following 
manner; — 

Experiment. Place a glass slab ABCD on a drawing 
board and draw its outline. 

Fix two pins E and J, to /- ' 

denote the incident ray ; N / 


and two pins K and 11 on the 
other side, in a line with the ^ 
images of E and J. 

Join EJ to intersect 
the face at F and join 

IIK to intersect the face CD 
at 6r. Join FG and draw 
normals FN and GM, 

Line EJF denotes the 


r- 


/ 

r 

/ 

/ 1 
t 

f 

/ 

/ 

f 

incident ray. -p. 7 

FG denotes the refract- K / 

ed ray, and r/^ 

GKH denotes the enter- w /' 

gent ray. 

All the above lie in the 

a c! 

M 


plane of the paper and so do Fig. 25 

the normals FN and GM, Thus the first law of refraction is 
proved. Measure the angle EFN, the angle of incidence and 
the angle GFN', the angle of refraction , it will be seen that 
the latter is smaller than the former, showing that the i ay has 
bent towards the normal, on entering glass a denser medium. 
From the tables, get the values of the sines of the angles of 
incidence and refraction and see that their ratio is 1’5, 
the refractive index of glass. The last result can be veri- 
fied by taking one more ray, which is incident at a different 
angle and showing that the ratio of the sine of angle of in- 
cidence to the sine of angle of refraction, is still the same; 
whatever the angle of incidence, provided the media remain 
the same. 

The laws of refraction can also bo demonstrated 
with the help of the Refraction and Reflection apparatus 
of fig. 11. Instead of keeping the reflecting surface at 
the centre, water is contained in a semi-circular vessel, 
Fig. 26. 
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The incident ray AB falls on the plane surface 
of water and is retracted 
along BC, On leaving the 
water it is not bent, because 
it travels along a radius and 
is thus perpendicular to the 
curved surtace. By valuing 
the angle of incidence, corres- 
ponding angles of refraction 
can be found and the relation 
sin z/sin r=p (constant), can 
be jiroved. 

152. Methods of finding 
refractive indices of solids and 
liquids. Fia. 2() 

The refractive index of a solid is obtained by the me- 
thod desciibed in the experiment of tig 25: and that of 
a Inpiid can be found by Belraetion and TJetlection appa- 
ratus, fig. 26; but accurate methods are based on finding 
the apparent thickness or depth of the given substance. 

Let DEFCr be a glass plate or \vatcr contained in 



a rectangular vessel. 
Let 0 be the object 
situated just at the bot- 
tom. To get the posi- 
tion of its image, we 
take two rays emanat- 
ing from it: one OC in- 
cident normally on the 
surface of separation, 
which will go in a 
straight line and a 
second ray OA^ making 



an angle OAN^ with the Fia. 27 

normal on the surface of separation. This ray will go in 
the direction AB, because it is travelling from a denser 
to a rarer medium and is thus refracted away from 
the normal. Produce this ray backwards to intersect 
OC at the point O'. Then 0' is the virtual image of 0. 
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As the ray is travelling: from the denser medium to 
air, we have ^-=Sin LOAN' j'^wx /_B AN, 

Now LOAN' LA0(\ l)eiiig alternate angles, 
and LBAN'=- LAO' (L „ corresponding angles. 

1 _Sin LAOC 
Sjii LAO'O 

If the angles arc small; as they must be in actual 
practice, because both the rays must enter the pupil of 
the observer’s eje, it the image of the object* is to be 
seen at all, th(‘n the sine, the circular measuie and 
the tangent oi an angle arc* very neaily equal. There- 
fore substituting tang(‘nts for sines, we have 

1 (V CO' 

(A ^ CO ’ 

CO' 


(X) Real thickness 

or 1^ = — 

CO' Apparent thickness 

or _ = L 

Appa,reiit depth t' 

CO / 

= =thickness/ (thickness minus 

CO- 00' / 

distance through which the image apjiears to be raiscal up). 

The apparent thidcness of a block for rays, for 
U'hich the anyle of incidence is ejireinely snia/f is equal 
to real thickness^ diiided by the refractive index of the 
substance] 

t' . 


And refractive index is given by the quofiento'^ 
thickness or depth, divided by apparent thickness or 
depth, 

I Real d epth ^ 

t' Apparent depth 
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Experiment. — Refractive index of glass. Take a glass slab and 


place it on a line drawn on 
a drawing board, fig. 28. 
Measure its depth t and 
hold a needle at a place 
so that there is no parallax 
between it and the image of 
the line, seen through the 
glass slab. Measure its 
height h above the line, then 
the refractive index of glass 



t-h 



i 

1 

i 

iU-h 

N 



h 


Refractive index of FiG. 28 

water. Take a beaker of glass and make a matk at its bottom. 
Focus a travelling microscope to see it distinctly. Let the 
reading of the microscope be n* Pour water in the beaker 
gently and move the microscope to focus it again on the 
image of that mark, as seen through the water Let the read- 
ing be ^ 2 . Sprinkle a little lycopodium powder on the surface 
of water and focus the microscope over it. Let the reading 


be ^ 3 , then 




Beal depth 
Apparent depth 


^3— ri 


153. Refraction through a Compound plate. Let 


a ray BC travelling in 
air be incident at (7, 
fig. 29, the surface of 
separation of air from 
water ; let its path in 
water be denoted by 
CD. At D, it enters 
from water into glass 
and let its path in glass 
be DE. From E it 
emerges again into air 
and its path is indica- 
ted by EF. Experiment 



shows that the emergent 


Fig. 29 


ray EF is always parallel to the incident ray BC, provided 
the medium above and below the compound plate is the same 
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and provided also the two faces are parallel. 

Then denoting the refractive index from air to 
Water by 

the refractive index from air to glass by 
and „ „ 5 , „ water to glass by w\^g] 


We have al^?c= 


Sin i 


Sin r 


w\^g^ 


Sin r 


Sin r 


and g^a^ 


or a\^g^ 


Sin 
Sin i 


Sin i 
Sin r 


. . (^), where i is Z of inci- 
dence at C and r is Z of re- 
fraction in water. 

. . {ii)^ where is Z of inci- 
dence at D ill water and 
r' is Z of refraction in 
glass. 

. . {Hi), where is Z of in- 
cidence at E in glass and 
i is Z of refraction (or 
emergence) in air. 

, . {iv), by simply invert- 


ing equation no. {iii). 
Dividing equation no. {iv) by {i\ we get 




Thus the refractive index of glass divided by the re- 
fractive index of water gives us the refractive index of 
glass with respect to water. 

The refractive index from one medium A to another 
medium B is equal to the refractive index of B divided 
by that of 

Multiplying equations ii and iie, we get 
a\^v\ w\^g, g\^a^\, 

1S4. Total Internal Reflection. When a ray of 
light is refracted from a denser to a rarer medium, the 
refracted ray is bent away from the normal and the 
angle of refraction becomes greater than the angle of 
incidence. 

Thus if 0 fig. 30 be a point in a denser medium, 
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the ray OA will go in the direction JA\ OD will 
go in the direction of 
DD^ and OE will go in 
the direction of EE\ 

As the angle of inci- 
dence increases, the 
corresponding angle 
of refraction also in- 
creases ; till for a par- 
ticular angle of inci- 
dence, such as that of 
the ray OF fig. 30, q 
the corrcs[)onding 
angle of refraction Pia. 30 

becomes 90^ and the refracted ray just graces along 
FG^ the surface of separation of the two media Tki^ 
particular' angle of incidence is called the critical angle 
for the two media, which is defineil thus. — When a ray 
of light IS travelling from a denser to a rarer medium^ 
then that angle of incidence^ for which the corresponding 
angle ofrefraction is equal to 90®, is called the critical 
angle. 

If the rarer medium bo air, then 

wliere is the refractive index of 

fSin 90 

the denser medium and G the critical angle. 

|X=: — \ — , for sin 9()°=1. 

Sin a 

Thus if we find out the critical angle, the inverse 
of its sine, gives us the refractive index of that substance. 

If the angle of incidence is greater than the criti- 
cal angle, then the ray cannot be refracted but is 
rettected back in the same medium, obeying the laws of 
refiectioii. This phenomenon is called total internal 
reflection. 

Total intey'nal reflection takes place., ichen a rag of 
light travelling from a denser to a rarer meduun is inci- 
dent at the surface of separation^ at an angle greater than 
the critical angle for the two 'media. 
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This fact is of utmost utility, when light is required 
to be reflected without any 
loss of intensity. The simp- 
lest and the best method of 
doing so is to take a right 
angled glass-prism ^5(7. Light 
enters its one face AB nor- 
mally and is thus incident at 
an angle of 45°, on the longest 
side AC- As 46° is more than 
the critical angle (41*6°) for 
glass and air, it is totally 
reflected there and emerges 
out of the face BC normally. Fia. 31 

Mirage. When sand in a desert is strongly 
heated by the Sun’s rays, air in contact with it is 
heated and becomes lighter as compared to the air in 
the upper strata of the atmosphere. Then an observer 
E fig. 32, sees the reflection of distant terrestrial objects 
such as the foliage, due to total reflection, as would be 
seen in the surface of a calm lake. This phenomenon is 




Fig. 32 

called mirage. It may be noted that total reflection 
takes place, because the rays travelling in denser upper 
air are incident at its surface of separation from the 
lighter lower air, at an angle greater than the critical. 

155. Refraction through a Prism. A prism is a 
portion of a transparent medium, enclosed between two 
planes inclined to each other at any angle. The angle 
between the two planes is spoken of as the angle of the 
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prism. Let ABC be a prism, DE the incident ray, 
BF the refracted ray and FG the emergent ray. Pro- 
duce DE to H 
and produce FG 
backwards to 
intersect DE 
produced at I. 

Angie ffiG re- 
presents the 
angle through 
which the inci- 
dent ray is devi- D 
ated and this 
angle is called 
the angle of 
deviation. Draw Fig. 83 

EN and FM normals at the points E and E respectively 
and produce them to meet at 0. 



/.DEN^Aoi incidence i, /.FEO^s refraction r; 
AEFChsE^ the /of incidence from glass; /_MFGss 
emergence e. 

Then ZIEF^ZIEO- AFEO=i^r 
and ZIFE-lIFO- ZEFO=^e-r' 

But ZHIG—ZIEF+ Z^EO ; because in the 
triangle lEF, the external angle must be equal to the 
two opposite internal angles. 

angle of deviation D i.e. Z HlG—{i~r) + (e~E). 


The value of the angle of deviation depends for a 
given prism upon the angle of incidence i. It is found 
by experiment that fora certain value of i,the deviation 
has the least value. This smallest deviation, which a 
given prism can have, is known as the angte of mini- 
mum deviation. 


Further in the position of minimum deviation, the 
angle oi incidence i and the angle of emergence e, must 
be equal and the ray EF inside the prism, must be 
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equally inclined to the prism.* 

Then D the deviation=2(i— t) (i) 

For when the prism is placed in the position of 
Ttiinimnwi deviation, then r—r' and i=e. Again AEOF 
is a quadrilateral of which the two angles at E and F 
are each equal to a right angle (by construction), there- 
fore /A + ZO umst be equal to 2 rt. angles, 
but Z 0 + Z OEF+ Z 0FE=z2H. Is. 
i.e. Z^+ZC>=ZO+Zr-t-Zi’'. 

Z-d. of the prism=2r, 

A 

or i-=-2 • . .(«) 


Substituting this value of r in equation no. (i) 
we have D—2i—A 


or 1= 


But K'= 


D+A 
2 ■ 

Sin i 
Sin r 


{lii) 


Sin 




Hence |Jb=s. 


Sin 


£ 

'2 


If the LA of the prism be small, deviation will 
also be small; then the sine of an angle may be taken 
very nearly equal to its circular measure. 


Then H- 


_D+A 


(provided the Zs are very small) 


or 


or 

A 




or — 1)A 


•For suppose i and e to be unequal and ^ HIO to be minimum. 
Then if the emergent ray FG be reversed so as to become the incident 
ray, the new emergent ray will be denoted by ED and the £ of 
deviation will still remain the same. It follows that for two ^ s of 
incidence i and e, the deviation must have the least value; but this 
fact is contrary to actual experience. Hence the only conclusion is i ^ , 

Ift = «, thenr=r/, for the refractive index of 

Stn r Stn rf 

the substance of the prism. And if z = e, r = r/; i.e. the ray must be 
equally inclined in the prism, to its two faces. 
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i.e. the deviation for a small-angled prism is equal 
to the product of the angle of the prism and the differ- 
ence between its refractive index and unity. 

For glass, f^=l’6 

deviation =Half of the angle of the prism. 

156. Lenses. A lens is a portion of a transpa- 
rent medium such as glass^ bounded by two definite geo- 
metrical surfaces. The surfaces are generally spherical; 
but one of them may be plane, which is then consider- 
ed to be a small part of a spherical surface of infinite 
radius. 

Line joining the tico centres of curvature of the two 
surfaces of the lens is called the Principal Axis. When 
one surface is plane, the principal axis is obtained by 
drawing the normal on the plane surface, from the cen- 
tre of curvature of the spherical surface. 

The diameter of the boundary of a lens is called the 
aperture of the lens. 

Lenses are divided into two main classes, known 
as converging or convex lenses and diverging or 
concave lenses. Convex lenses are thicker in the cen- 
tre and thinner at the edges, while concave lenses are 
thinner in the centre and thicker at the edges. Another 
distinguishing feature of these lenses is this : that if a 
lens be held close to the eye and moved away from it, 
then the image of a distant objett seen through it moves 
in the same direction as the lens if it is concave and in 


a b c 

Converging lenses Diverging lenses 

Fio. 34 

the opposite direction if it is convex. 
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Each of the above two classes includes three kinds 
of lenses : 

a is called double convex or bi-convex, 
h is called plano-convex or convexo-plane, 
c is called concavo-convex, 
d is called double concave or bi-concave, 
e is called plano-concave or concavo-plane, 
and f is called convexo-concave. 

When a beam of light parallel to the principal 
axis falls on a con- 
vex lens, it con- 
verges to a point 
called the Principal 
Focus and in the 
case of a concave 
lens, it appears to 
diverge from that 
point. 35 (i) 

Thus Principal focus is a point on the principal axis, 
to which in the case of a convex lens converge and from 
which in the case of a concave lens diverge, all the rays, 
which are parallel to the principal axis before incidence. 
The distance of the princi- 
pal focus from the optical 
centre of the lens is called 
the focal length. 

157. Optical Centre 
of a lens. Optical centre 
of a lens is a fixed point, 
inside or outside it, such 
that the rays passing 
through it are not deviated. 

Let Cl and C 2 , Fig. 36 
be the centres of curvature Fig. 35 {ii) 

of the two faces of the lens. 

Draw CiA and C%B two radii, parallel to each other. Join 
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AB to intersect the principal axis at O, then 0 is 
the optical centre of 
the lens. 

A ray, which has 
its path in the lens 
denoted by AB, makes 
equal angles with the 
normals at those places; 
therefore the incident 
and emergent rays cor- 
responding to AB, the 
refracted ray, must Fig. 36 (i) 

also make equal angles with the normals. Hence they 
must be parallel and 
thus suffer no deviation ; 
though the emergent ray 
will be slightly displaced 
laterally. But this lateral 
displacement will be negli- 
gible in the case of thin 
lenses. 

Now As OACi and 
OBCi are similar Fig. 36 (ii) 

. OCi_ACi_ri 
■ ■ 06’2 BC\ r2 
n^ri—OOy ^OD 
n-OC^ OE' 

Thus the distance of the optical centre, which may 
lie within or without a lens, from any face is propor- 
tional to the radius of that face. 

158. Focal length of Lenses. To get the position 
of the image of an object, two rays are generally taken 
from one extremity A of the object : one parallel to the 
principal axis, which (in convex lenses) converges to or 
(in concave lenses) appears to diverge from the princi- 
pal focus', and a second ray, passing through the optical 
centre, follows its course without any deviation. Where 
these two rays intersect, that is the position of the image 
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of A. It is real, when the rays actually pass through 
the point of intersection and virtual, when the rays only 
appear to intersect. Thus the image A'B' in fig. 37 (t) 



(«) 

Fio. 37 

is real and image A'B' in fig. 37 {ii), formed hy a 
concave lens, is virtual. 

Now the triangles OA'B' and OAB, having their 
apices at O are similar, 

. A'B' _ Image _ OB' 

AB Object OB 

And the triangles FA' S' and FXO, having their 
apices at F, are similar, 

. A'B'_FB' 

' ' XO OF ' 


But XO—AB^ by construction ; 
. A'B'_ FB' 

AB OF 


m 


From equations (t) and iii\ it is clear that the 
left-hand expressions are equal, therefore their right- 
hand expressions must also be equal. 
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. 05' _ FB* 

’ * OB OF ’ 

Now, bearing in mind that distances measured to- 
wards the incident ray are regarded as positive and 
those in the opposite direction as negative and that the 
lenses are thin and of small apertures^ we have 

(i) For a convex lens : — 


OB' _FB' OB' _OB'-OF 
OB FO OB OF ’ 


QY { f) .^ where distance of the image, 

^ t^=distance of the object, 

and /== distance of the prin- 
cipal focus, from the optical centre of the lens. 
vf^—uv+uf 

or uv=uf—vf] dividing by ui^f we have 



{ii) For a concave lens : — 


OB' FB' OB' FO-B'O 
OB “ FO 0B~~ FO ' 


or = 

u 


f-v 


, where the symbols have the above 
meanings, 


«/=«/■— M®, 

or uv—uf—vf, dividing by uvf, we have 



Thus having regard to the signs, the focal length of 
both the lenses is given by the formula 

J_ 1 _ 

f V u 

Again magnification, which is defined as the ratio 
of the linear dimensions of the image to those of the 
object, is given by equation (*), 
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/ 

as - = 


?? 


ii 


7 


and by ecjuation (i/), as 

159. The size, nature and position of the image 
formed by lenses. — 

In concave lenses, the image is always virtual^ 
erect^ smaller and to the same side as the object. 

In convex lenses, the nature^ position and size of 
the linage is determined by the relative position of the 
object. They are obtained mathematically, b)^ giving 
ditferent values to u varying from oo to 0 and finding 
the corresponding values of v. They can also be 
obtained by drawing the course of rays. It will be 
observed- — 

{}) That as the object travels from to a distance 
equal to t2/, the image travels trom f to 2^*. It is real^ 
inverted and smaller, 

{li) As the object travels from "If to f tlie image 
travels from 2/‘ to It is real, inveigled and magni- 
fied 

(lit) As the object travels from f to 0, linage 
travels from oo to 0. It is virtaaf erect and magnijied. 

The student should draw diagiams as well as prove 
mathematically, the above relations for a convex lens. 

160. Focal length of a combination of lenses. 



Fio. 38 

Let an object 0, fig 38, give rise to the image Ii at 
a distance t’',by re fiact ion through the first lens of focal 
length /i. 
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Then ^ (i) 

v' u fi 

Place the second lens of focal length /*2 m contact 
with the first lens and let it, in combination with the 
first lens, produce the image I 2 at a distance v, For 
the second lens the distance of the object is because 
Ii serves as an object for it. 


i. _ Jl _ A. 

/2 

Adding equations (t) and (ii), we get 


. (ii) 


_ 2 1 JL. 

V u ~~ fl fi 

If the two lenses be considered as one lens 
focal length F, we must have 


of 


V 



F 


1 

F 


_-i_ + 

fi h 


.{Hi) 


Thus two thin lenses of focal lengths fi and f^ are 
together equivalent to a single lens of focal length F 
given by the equation {Hi) above, 

161. Methods of finding the focal lengths of lenses. 

(A) Convex lens: — 

Experiment. {%) Arrange a convex lens, a wire-gauze 
and a screen in 
three uprights as 
shown in fig. 39. 

Place the lens 
between the wire- 
gauze and the 
screen. Illumina- a 
to the wire-gauze ri 
by a candle r n 
flame and get its | 
image on the , 
screen. Let the 
distance of wire- 
gauze 0 (which 



U 



PlG. 39 



REFRACTION 


347 



serves as an object) from the lens be and that of the 
screen be v. 

Then - - -i = i .* 

V U t 

{it) Arrange a plane mirror behind a convex lens 
and a needle 
in front of it. ( M 
(fig. 40). Re- 
move the pa- 
rallax bet- 
ween the 
needle and its 
image; then 
the distance Fm. 40 

between the needle and the lens is equal to /*, the focal 
length of the lens. The ra.ys diverging from the 
principal focus give rise to a parallel beam, after pass- 
ing through the lens. This beam is reflected back along 
its original path and gives rise to an image on the 
principal focus, after passing through the lens. 

(iii) Arrange two needles Ni and far apart, the 
distance between 

them should NJl Ll L 2 NS 

be roughly more 
than Af* Place 
the lens first at 
Ll so as to remove 
the parallax be- 
t„e,„ JV. a. ^ ^ ^ 


v-u 


u 

V 


V4.U 

Fig. 41 


image 

Then 

and JVi and fcdistace Ijetween A. and U, 


where I)~ <hstance between Ni 


For 


but 


]J=iV + ^ 
iin 


or V 4 


(m + 


m4-« 


; and screen, we may have tvvo needles and 


• Instead of the T-uturabove relation holds good, 

remove parallax between them, still me ao 
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(B) Concave lens : — 

By Combination. — Measure the focal length /i of a 
convex lens. Combine it with the given concave lens 
and find the focal length of the combination, then 
/2 the focal length of the concave lens is given by 

1 1 1 
^ F - h 

162. Power of a lens. The reciprocal of the focal 
length of a lens is termed its power or dioptric strength. 
To find the power of a given lens in dioptres, express 
the focal length in metres, obtain its reciprocal and 
change its sign. The last step is necessitated by the 
fact that the power of a convex lens is positive, while 
that of a concave lens is negative. 

SUMMARY 

1. Laws of Refraction. (/) The incident ray, the reflec- 
ted ray and the normal he in the same plane. 

(t/) The rays bend towards the normal when they enter 
a denser medium and away from the normal when they 
enter a lighter medium. 

{ill) The ratio of the sine of the angle of incidence to 
that of the angle of refraction is called lefractive index and 
is constant for the two given media. 

2. Critical angle IS the particular angle of incidence 
for which the corresponding angle of refraction is 90°, when 
a ray is travelling from a denser to a rarer medium. If 
the angle exceeds this, total internal reflection takes place. 

3. When a prism is in the position of minimum 


deviation, P=Sin 


A^D 


Sm - , where A is the angle of 


the prism and D is the Z of naimmum deviation. 

4 . For thin prisms, D={\^ — l)A. 

5. In the case of lenses, — — = -r , where 

V u f 

bols have the meanings assigned to them. 

6. The power of a lens is the recipiocal of its 
length. 


sym- 


focal 
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7. To express the power of a lens in Dioptres, express 
the focal length in metres. Take its reciprocal and change 
its sign. 

EXAMPLES 

1. for water is Find the critical angle for 
water and air. 

2. What IS the smallest index of refi action of the 

material of a right-angled pi ism with equal sides, for which 
a lay entering one of the sides normally, will be totally 
reflected. (P U. 1919) 

3. A concave lens and a concave mirror having a 

common axis are Gins, apart. Rays starting fiom a point 
on the axis 12 inches from the lens, fall on it and then 
on the mirror, and converge to a point 4f inches from the 
mirror. If the ladius of curvatiiie of the minor be G inches, 
what IS the focal length of the lens ? (P.U. 1913) 

4. An object 4 inches in height is placed at a distance 
of 6 feet from a lens and a leal image is formed at a 
distance of 3 feet fiom it. Where and ol what height will 
the image be ? 

5. A pencil of rays converging to a point 10 inches 
behind a lens, produces an image 20 inches behind it. Find 
the nature and focal length of the lens. 

G, Two convex lenses, each of focal length 20 cms., 
are situated 10 cms. apart and have a common axis. An 
object 2 cms in height is placed at a distance of 15 eras, 
fiom the fiist lens. Find the size and position of the final 
image. Diaw a diagiam. 

7. The distance lietween two walls is 20 feet. It is 
desired to throw a real image, twice as big as the object, 
on the opposite wall. Find the position and focal length of 
the lens, 

8. A convex lens of focal length 10 cms. is used to 
form an erect image of an object, the image being twice as 
large as the object. Find the position of the object. 

9. Light IS converging to a point P and a convex lens 
of focal length 20 cms. is placed at A in the path of the 
beam, where 47^=30 cms The beam now converges to Q. 
Calculate the distance AQ (P.U. 1931). 



CHAPTEE IV 
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163 . Newton observed that if a beam of white 
D 


W 

R 

V 


Fig. 42 

light, admitted through a small hole in a darkened room, 
be incident on a prism; the emergent ray was not only 
deviated, but also showed a variety ot seven colours, 
spread out on a screen : red at one end, violet at the 
other ; and orange, yellow, green, blue and indigo in 
between them, from red to the violet end. This 
coloured band of light is called spectrum and the 
phenomena of splitting up of white light into its 
several constituents, due to its passage through a prism 
is called Dispersion. 

The reason, why a spectrum is seen, when white 
light is refracted through a prism, is that white light 
is not homogeneous light ; but is composed of several 
constituents, which are capable of exciting sensations 
of different colours on our retina. On passing through 
the prism, lights of different colours undergo different 
deviations and thus appear at different places on the 

850 




DISPERSION 


361 


screen. Violet suffers the greatest deviation and red 
the least. The deviation suffered by a ray of particular 
colour is called its refrangibility. Thus the refrangibility 
of violet is greatest, while that of red is the least. 

A further proof of the composite character of 
white light is furnished by the fact that if another 
prism such as fig. 42, be placed as shown in 

the path of the coloured band, a white patch of light 
is produced at W, by the recombination of light of 
different colours into a white beam. 

The fact that lights of different colours are deviated to 
different extents, when passing through a prism, shows that 
the refractive index of the same substance is different for 
lights of different colours For a prism of small angle, the 
deviation IS given by the formula Thus the 

deviation for the blue ray is jDb=(l^b — l)-d and for the red 
ray — l) A. Therefore we have 

A (i) 

The quantity Z>b*~ A, which is the angle between the 
blue and the red rays, on emergence from the prism, measures 
the dispersion produced. If be the average of refractive 
indices for blue and red rays, then the deviation for the 
mean ray will be 

D = (n) 

By multiplying and dividing equation (0 by (1^ 1), 

we get « (1^ — 1) A ..(ue) 

jJL; |Jb 

A““A= — r~. A by substituting the value 

r' — 1 

of (1^— l) A^D, from equation (li), 

jX |JU 

The quantity — — , is called the dispersive power 
r' — 1 

of the material of which the prism is made. 

164. Pure spectrum. The spectrum obtained by 
placing a prism ^ 

in the path of 
a white beam of 
light is impure, in 
so far as the 
various colours S 
produced overlap. 

To get a pure 



Fia. 43 
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spectrum in which the various colours do not overlap 
but are exhibited distinctly, the following arrangement is 
used: — (i) A very narrow slit H fig. 43 is placed at the 
principal focus of a lens ii, which makes a parallel beam 
of light fall on the prism A] {ii) The prism A must be 
placed in the position of minimum deviation and {in) 
a lens Li is used to focus the rays of different colours 
on the screen. 

To study the spectrum carefully, an instrument 
known as the 
spectrometer is 
used. The ar- 
rangement IS 
just as above 
indicated except 
that the spec- 
trum instead of 
being obtained Plane of the s])ectrometor 

on the screen Pig. 44 

is viewed by means of the eye])iece of a telescope. The 
prism A rests upon a table provided with levelling 
screws. A tube C called the collimator carries an 
adjustable narrow slit S and a convex lens Li. A teles- 
cope To is used to see the spectrum and can be rotated 
about the axis. Scales and verniers are attached to 
measure the angles. 

If the slit of the spectrometer be, illuminated by 
Sunlight and a prism of high dispersive-power subs- 
tance, such as quartz or carbon bisulphide, be jilaced on 
the turn-table and the resulting spectrum be viewed 
with a high-power telescope, a very large number of 
fine black lines is observed, distributed throughout the 
spectrum. These lines are called Fraunhofer lines and 
denote certain missing light waves. 

165. Invisible spectrum. The visible portion of 
the Solar spectrum is comprised between the violet and 
the red. The wave-length of the violet is '0000393 cm. 
and that of red is '0000759 cm. Thus waves, having 
wave-lengths between the above two limits only, can 
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affect our retina. If the wave-length is beyond these, 
then the waves are incapable of affecting our retina. 
The Solar spectrum extends beyond its visible limits 
at both ends. The portion of the invisible spectrum ex- 
tending beyond the red end is called infra-red apectrum. 

Infra-red spectrum. It consists of waves longer 
than *00008 cm. and these waves are detected by their 
heating effects. In order to study it carefully, a prism 
of some substance such as rock-salt or quartz, winch 
is diathermanous to long waves, must be used. A sen- 
sitive ether thermoscope with a black bulb or a ther- 
mopile, placed ]ust beyond the red end of the spectrum, 
will indicate a rise of temperature, showing that 
radiations of long wave-lengths, which have heating 
effects, extend beyond the red end. 

Ultra-violet spectrum. The portion of the invisible 
spectrum, extending beyond the violet, is called ultra- 
violet spectrum. It consists of waves smallm’ than 
*00004 cm and is detected by its chemical effects on a 
photographic plate. These rays are sometimes called 
Actinic rays, 

166 . Forms of Spectra. There are three classes 
of spectra : — 

(i) Continuous, It consists of an unbroken lumi- 
nous band extending from one side to the other, vary- 
ing in colour from point to point. It is produced, when 
the temperature of the radiating body is very high. 

{ii) Line, It consists of sharp, well-dehiied lines. 
It is generally produced by glowing simple gases. 

{id) Fluted, It consists of broad luminous bands 
and IS generally produced by gaseous compounds. 

Light which consists only of one wave-length is 
called luonochrouiatic light. Thus if light coming 
from a sodium flame (/. e. light coming from a Hamc in 
which sodium salt is strongly heated) be examiiied, it 
gives a yellow prominent line *, such light is called 
monochromatic light. 

Absorption spectrum. When white light passes 
through certain substances, they absorb light of par- 
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ticular wave- length and allow the rest to pass* If 
a spectrum of this transmitted light be observed, black 
lines corresponding to the absorbed wave-lengths ap- 
pear. jSuch a spectrum^ crossed with black lines^ is called 
absorption sj^eitrum, 

Kirchoff formulated the law that a substance^ irhich 
emits light of a partu ular wave-length ichen hot^ absorbs 
light of that very wave-length when cold. 

Thus glowing sodium vapour gives a prominent 
line in the yellow colour of the spectrum, but a sodium 
flame placed in the ])ath of light coming from an arc 
lamp, gives a black line m the yellow sjiectrum. 
Fraunhofer lines, which are seen in the solar spec- 
trum are actually produced by the absorption of waves 
of particular wave-lengths. The visible portion of the 
Sun, called the photosphere, which emits white light, 
consists of glowing gases at extremely high tempera- 
ture. Surrounding the photosphere, is an atmosiihere 
of vapours of various elements, at a comparatively lower 
temperature, called the chromosphere. Light corres- 
ponding to the substances in the chromosphere is ab- 
sorbed and gives rise to Fraunhofer lines. The pre- 
sence of dark lines is indicative of the existence of 
those elements in the chromosphere, which m the hot 
state give out rays, corresponding to black lines. In 
this way several elements have been located in the 
chromosphere and certain elements such as helium have 
in conse(]uence been discovered. 

In support of the correctness of the above explana- 
tion, it may be noted that during a Solar Eclipse, the 
photosphere is covered by the Moon and the spectrum 
obtained from the radiations, coming from the chromo- 
sphere, is reverse of the spectrum ordinarily observed. 

167. Colours of bodies. The colours of opaque 
bodies are due to selective reflection. A body appears 
to be black when it absorbs indiscriminately all the 
rays which fall on it. A body appears to be red, when 
it is capable of reflecting only the red rays and absorbs 
all the rest. Thus if a deep-red cloth be placed m 
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green light, it appears to be black; for the incident 
beam consists only of gieen light, which the red cloth 
totally absorbs. Certain colours are not pure, ^ c. they 
do not consist of only one colour but a mixture of two 
or more colours. Thus a blue dye will not become 
black in any part of the spectrum and is thus not a 
pure colour. An impure colour will have the colour of 
the pait of the spectrum in which it is jilaced. 

The colours ot* Lmn^parent bodies are due to selectire 
transmission. Thus a jncce of glass held before the eye 
appears to be red, green or blue according as it trans- 
mits the red, green or blue portion of the light incident 
on it. The rest of the colours are absorbed by it. 

Primary colours. According to Yoiing-hlelmholtz’ 
Theory, red, green and blue are known as primary 
colours and all the rest are called secondary colours ; 
for they can be obtained by mixing the primary colours 
in suitable proportion. 

Complementary colours Two colours are said to 
be complementary, when on adding them together 
white IS produced. 

Experiment. Get a spectrum of white light by a prism 
as explained already, intercept a portion of the spectrum 
and place a prism in the opposite direction to recombine the 
transmitted portion of the spectrum. See that white light 
is not produced. Now allow the intercepted portion also to 
be transmitted. See that on recombining through the second 
prism, white light is at once produced In this case the 
intercepted portion and the transmitted portion ai e comple- 
mentary colours. 

It may be clearly noted that the term complemen- 
tary colours applies only to spectrum colours and not 
to pigment colours at all Thus if yellow and blue 
pigments be mixed, the resultant colour is green and 
not white; though yellow and blue are complementary 
spectrum colours. The reason is this, that the yellow 
pigment absorbs red and blue rays and the blue pig- 
ment absorbs red and yellow rays, both however, re- 
flect the green and thus this is the only colour reflect- 
ed by a mixture of the two pigments. 
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168 . Achromatic combination of Prisms. When 
white light passes through a prism, the path of the ray 
is (ieviated and at the same time dispersion is produced. 
It is possible however, by using prisms of different 
substances to get deviation without any dispersion. A 
combination of piisms of the above nature is called an 
achromatic combination. Thus if a prism of Crown 
glass have an angle of (iO^ and that of flint glass of 
29^ — 17', the dispersion produced by each is tlie 
same; for the flint glass has a very great dispersive 
power. On placing the two above prisms in o[)posite 
directions, the total dispersion will be zero ; but 
the refractive index of flint glass is only slightly 
greater than that of crown glass, therefoie the devia- 
tion produced by the crown-glass prism, will not be 
totally annulled by the flint-glass prism. There will be 
deviation Avithout dispersion. 

168 (a) Chromatic aberration. 

Experiment. Place a lens L in the path of Sunlight and 
hold a sc- 
reen near to 
the lens. See 
that its peri- 
phery js red 
and its cen- 
tral portion 
blue. Move 
the screen 
away from 
the lens No- 
tice that the 
periphery PlG 45 

becomes blue and the central edge i eddish. 

The reason is that glass has greater refractive index for 
violet rays than for red rays. Therefore violet rays come 
to the focus near the lens and red rays farther away from 
it, as shown in fig 45. Thus if the screen be in position 

red will be on the outerside and if the screen is shifted 
to the position VV, then violet will be seen on the outerside. 

Hence whenever a single lens is used to produce 
an image by white light, the image shows colours; this 
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defect is known as chromatic aberration. 

Just as it IS possible to get an achromatic combina- 
tion of prisms; similaily by combining a converging 
crown-glass lens and a diveiging flint-glass lens, so that 
the wliole acts as a converging lens, it is possible to 
prevent dispersion altogether. Such a combination of 
lenses is called an Achromatic combination of lenses. 


SUMMARY 

1 The breahin^ up of white light into its constituent 
colours due to its passage through a prism is called dUpersion. 
The de\iatic>n siifiered hy a ray is called its refrangibility. 

2. Ditpereive power is the angle between the blue and 

|i/ 

red rays; and is equal to-j— 

3. A pure spectrum is one, in which the various colours 
do not oveilap. It is obtained by (^) having a nairow slit; 
(/?) placing the jirism in minimum deviation position, and 
(til) using lenses to focus diffeient rays at different points. 

4 Sjiectium extending beyond the red end consists of 
long heat rays and is called infra-red spectrum ,* while that 
extending beyond the violet end, consists of shoit actinic 
rays, called ultra-violet rays 

5. Forms of Spectra — (/) Continuous, line and fluted. 
Dark lines in solar spectrum are called Fraunhofer lines. 

6 . The colours of bodies are due to selective absorp- 
tion. The red, gieen and blue are known as primary colours 
Two colouis which when mixed together give white, are 
known as complementary colours. 

7 Tlie linage pioduced by an ordinary lens is colouied 
at the peijphery, this phenomena is known as chromatic aber- 
ration Two lenses joined together so as to pioduce no 
colouiing, are kll0^^n to form an Achromatic combination. 



CHAPTER V 

OPTICAL INSTRUMENTS 
169. Photographic camera. It consists of a con- 



Plioto^raplnc camera 
Fio. 4() 

vex lens, fitted to one face of a box, lined black inside. 
The opposite face carries a ground-glass screen which 
can be replaced by a sensitive jilate. The size of the 
box can be varied by a rack-arrangement so that the 
distance of the lens from the screen can be varied and 
a real inverted image of an external object produced on 
the screen. The lens carries an adjustable diaphragm, 
having a circular aperture to cut off light, whicJi does 
not pass through the central parts of the lens. 

170. Projection lantern. It consists as shown in fig. 
47 of two convex lenses or a system of lenses The source 
of light, which should preferably be a point, is situated at 
the principal focus of a lens-system (called the condenser), 
consisting of two plano-convex lenses with their plane 
faces outwards. The parallel beam of emergent light 
illuminates the object 0 and a second lens L throws a 
real inverted image / of the object on the screen. As 
the distance of the object from the lens L is smaller 
than the distance of the screen, a magnified imago is 

368 
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seen and to get an erect image, the object which 
usually consists of a slide, is inverted. 



Fig. 47 


170* (a) Kinematograph. The function of the Kine- 
matograph is to reproduce pictorially upon a screen, 
the movements of objects. In order to achieve this 
end a series of instantaneous photographs of the mov- 
ing object IS taken with special kinematograph camera* 
In this camera, turning of the handle automatically 
swings the shutter across the camera lens, moves the 
film after short exposure and coils up the exposed film. 
Each picture is an isolated snap-shot, taken in the frac- 
tion of a second upon a sensitised transparent celluloid 
film 

When such films are projected upon the screen and 
are made to tollow one after the other so rapidly that 
each remains in sight for so brief a period that the suc- 
cessive views dissolve into one another and the missing 
parts of the motion [i.e, the parts of motions lost be- 
tween the taking of two consecutive pictures} are not 
detected . the eye imagines that it sees the whole 
of the process of displacement in the moving objects, 
although really it sees only one half, the half of 
which the successive pictures have been taken. What 
occurs between the interval of taking successive pic- 
tuies, when the lens is shut, is not recorded at all. The 
appearance of natural movements is due to a physiolo- 
gical phenoineuon which is termed “ persistence of 
vision ” or ‘‘optical illusion.’^ 

No doubt, eye is the quickest of all the other senses 
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and is about a million times more sensitive than the 
most sensitive photographic plate yet prepared; still it 
is deceived very successfully That the effect is due to 
persistence ot vision is conclusively shown by the fact 
that no animation is produced at all if the light be not 
totally cut off during the interval of exposure of two 
successive pictures. The reason is tliat after tlio dis- 
appearance of the picture from the screen, the 
white flash is sufficient to wipe out the image of the 
picture, which in its absence would have lingered on 
in the biain. 

The apparatus The apparatus consists as shown iii 
fig. 47 ( a) of a combina- 
tion of a magic lantern 
and an automatic; arrange- 
ment for rapidly bringing 
consecutive jnctures of the 
film (at the rate of 16 to 
20 pictures per sec ) very 
exactly into position be- 
fore the gate-aperture tr, 
through which the light 
passes, to keep the pic- 
ture stationaiy in this po- 
sition for about __ of a 
20 

second and to interrupt 
the image falling upon 
the screen, during the time 
a picture is being replaced Fio. 47 (a) 

by its succeeding one. In order to feed the machine 
regularly with the film, its sides are perforated. In 
the diagram, the film is drawn from the upper reel-box 
Z^, by a uniformly driven cylinder C, the teeth of which 
engage the film projections. From this it goes to the 
aperture F, through which the light from the condenser 
passes. The film is now again rolled round the 
lower reel-box J, Loops of the film are jirovided at 
K and L to prevent the film from being broken The 
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shutter M has the form of a rotating disc and is placed 
just outside the objective. It cuts off the light during 
the period of transference of the pictures. 

For successful working of the apparatus, it is 
necessary that the speed of movement of the opera- 
tion is the same as that during the taking of the senes 
ot photogra])hs with the camera. It is of great scienti- 
fic value for the analysis of very quick motions, the 
pictures being taken at a rapid rate iti the camera and 
projected upon the screen at the rate of about sixt'^^en 
per sec It is used in schools for educational purposes 
and in cinema-houses for purposes of entertainment 

171. The eye. It, consists of an outer tough 
coating called the selen- 
ite. which distends in 
front. The front por- 
tion of the siileiulic is 
transparent wliite and is 
called the cornea In- 
side the sclerotic is a 
black coating called the 
choroid; which in front, 
just behind the cornea, 
assumes the form of a 
a diaphragm, and is call- 
ed iris. The aperture in 
the ins IS called the pupil, 48 

Behind the pupil is a crystalline lens suspended by 
means of ciliary muscles. The chamber between the 
cornea and the lens is called the anterior chamber and 
is filled with a watery fluid called aqueous humour* 

The choroid is lined in the posterior portion with 
a membrane of nerve-tissue, which is sensitive to light 
and is called the retina The space between the lens 
and the retina, called the po.sterior chamber,^ is filled with 
a fluid called ritreou^ humour. From the physical 
point of view, eye is analogous to a photographic 
camera, having a very wonderful adj instable lens. In the 
camera, the focussing is done by changing the position 
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.of the lens ; while in the eye, the focal length of the 
lens is changed by the ciliary muscles. The power of 
adjustment is known as Accommodation, The image 
formed on the retina is inverted, but the brain receives 
the impression of an erect object. How this happens, 
cannot be guessed clearly. 

172. Defects of the vision. The power of the 
normal eye is approximately 69 dioptres. By the pro- 
cess of Accommodation, the power can be varied at will 
so as to bring objects at various distances into focus. 
This power of accommodation is greatest in children and 
diminishes regularly with age. The following are the 
defects of vision, which are remedied by lenses : — 

1. Myopia or short-^sight. In this, the observer 
can see the 
objects, situ- 
ated near to 
him, but cannot 
see those very 
far off. This 

defect is due ^ 

either to the 
elongation of 
the eye-ball or 
to the decrease 
of the foral 
length of the Tig. 49 

crystalline lens. The images of near objects are formed 
on the retina, while those of distant objects are formed 
in front of the retina. 

In order to find the proper focal length of the lens 
Z, which ought to be prescribed to remedy this defect, 
let an object be slowly moved away from the eye, 
till the object ceases to be clearly seen. This point is 
called the far-point for the given eye and let its dis- 
tance be denoted by D. In a normal eye, the far-point 
is at infinity and the distance v of the retina from the 
lens would be equal to /*, the focal length of the crystal- 
line lens. For a short-sighted person, when the object 
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is at the far-poiiit, we have 

-- 1 =— 
v IJ f 

Let us now combine a lens of focal length fi with 
the crystalline lens, in order to make the far-point 
infinity, so that v the distance between the retina and 
the lens equals the focal length of the combination of 
the two lenses, then 

1 1 

« f fi' 

1 


(^^), for — =0. 

OO 

we have 


1 1 . 

or — = h- 

« /• A 

Subtracting equation (i) from {it), 

] _ 1 

J) 

or fi the required focal length = I), the distance 
of the far-point. The positive sign shows that the lens 
must be a diverging lens. 

2. Hypermetropia or Long-sight. In tins the 



observer can see the objects, situated far away from 
him, but cannot see objects situated very near to him. 
This defect is due either to the shortening of the eve- 
ball or to the increase of the focal length of the ervs- 
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tallme lens. The imago of objects situated far off is 
formed on the retina, while those of near objects is 
formed behind the retina. 

In order to hnd the focal length of a lens L, which 
ought to be prescribed to remedy the defect, move an 
object from a far-ofi' point towards the eye ; till 
it ceases to be clearly seen without straining the 
eye. This point is called the near point and let its 
distance be jD. In a normal eye this point is nearly 
25 cms. from the eye and is called the least distance of 
distinct vision ; while in a defective eye this is more 
than 25 cms. For a long-sighted person wlnni the 
object is at the near 2>oint^ we have 

-i— 

V D f 

Let us now combine a lens of focal length fi with 
the ciystalline lens in order to make the near point at 
25 cms. 

• - 

V 26' 

Subtracting equation (i) from (i/), we have 




f h 


Xii) 


D 25 ’“/i • 

Now D being greater than 25,^ will bo less than^^, 


therefore the focal length fi will be negative quantity. 
Thus the lens required is a convergent lens. 

3. Astigmatism means variation of power in 
different meridians. This defect is due to irregularity 
in the curvature of the cornea and such an eye can see 
objects in one plane but cannot see those in another 
plane. The image of a point-source appears no longer 
as a circular disc but as an ellipse. This defect is re- 
medied by the use of cylindrical lenses of suitable 
power. 

173. The simple microscope. It is a single convex 
lens placed close to the eye to magnify an object 
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near it. Tlie image obtained is a virtual magnified 
image. In order to see the image at the distance 
of* distinct vision and to increase the field of view, 
the eye should be placed close to the lens. Thus 
in fig. 51, AB IS the object and its image is form- 

ed at the distance ot distinct vision. 



Fig. 51 

174. Magnification. In the case of optical tmfm- 
menfs^ it is the ratio of the angle subtended by the image 
to the angle subtended by the object on the retina. 

Thus in the above case, magnification is 
Z.A* OB' / /iCOW y for Z.A'OB' is \\\c> angle subtended 
by the image and Z.C()B' is the angle, which the object 
would sabtendy if it were in the position ClV i.e, at the 
distance of distinct vision. It may be clearly noted that 
the angle subtended by the object is not AOD\ for if the 
lens were not used the object will not be seen by the 
eye without exertion and to see the object without the 
lens, the object ought to be shifted to the position CB' 
at the distance of distinct vision. 

Thus magiutication in the above case is 
l.A'OBf/ACOB' 

for Z.A' OB' by construction. 

A lOB 

Measuring angles by tlieir tangents, wo have 
AB 

" , where BO=u and B'0=D. 

L VOW (jB' 

~ir 
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Or M= 


D 


for CB'-AB .. 


u 


... .(/) 


Again — — = i-; or in the present case, 
V u f 

1 1 1 


i. e. 


But 
tion (i). 


or 

u 


D u / ’ 

i - l=i 

D f u’ 
f—D _ 1 
I)f u 


D_f-T) 


or — = 


•(«) 


u f 

is the inagiiifi(',ation as proved in equa- 


magnification is equal to 


f-D_ 


1 - 


D 

f ^ f 

The focal length /" of a convex lens is always a ne- 
gative quantity, thereioro the expression for magnifying 

power of a simple microscope becomes , where D 

is the distance of distinct vision. 



175. Compound Microscope. It consists as shown 
in fig. 52 of two convex leirses O and L. The object Ai? to 
be magnified lies in front of the lens 0, called the object- 
glass^ at a distance greater than f but less than 2/; so as to 
produce a real, magnified, inverted image A'B'. This 
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image serves as an object for the second lens X, 
called the eye-piece and is situated at a distance 
slightly less than its focal length. Thus it gives rise 
to a magnitied virtual image The course of rays 

is shown in fig. 62. The magnification depends upon 
the focal lengths of the two lenses and the relative 
distance between them. 


176. Astronomical telescope It consists as shown 


in fig. 53 of 
two convex 
lenses : 0, the 
object-glass of 
very long focal 
length and X, 
the eye-piece 
of very short 



focal length. The object to be viewed is situated verj- 
far off and gives rise to a real inverted image 
which lies in front of the eye-piece at a distance less 
than /*from it and serves as an object for it. The eye- 
piece forms a virtual magnified image of it (i. e. A^B^) 
at The course of rays is shown in fig. 53. 


176 {a) Magnification. Supposing the object to 
be very far ofi' as coiiifiarcd to the length of the tele- 
sco])e, the angle subteuded by the object on the retina, 
is equal very approximately to AB^YA^, This being 
vertically opposite angle to that subtended by the dis- 
tant object on the objective 0 while that subtended by 
the image is AA^^ AA'EB' by construction. 

.*. measuring the Zs by their tangents, we have 

A^B' 


magnification 


Tan ^^EB^ 
Tan A B^YA' 


TW b'e 


B'Y 

Now X'}’’ will be very nearly equal to F the focal 
length of the objective, if the object is at infinity and 
B'E IS nearly equal to the focal length of the eye- 
piece by construction. 
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/. magnification is equal to Fjf i, e, focal length of 
the objective divided by the focal length of the eye- 
piece. 

177. Galileo’s Telescope. The image seen in as- 
tronomical telescope is inverted, it doc‘s not make any 
difference when viewing heavenly bodies, which are 
spherical in shape; but when used to see terrestrial 
objects, the inversion of the image becomes a serious 
defect. To remedy it a concave lens is used as an eye- 
piece in the astronomical telc'icope. The telescope 
thus formed by an objective^ a convex lens and an eye-- 
piece^ a concave lens is cilled (Salil(‘o's telescope. It 
gives erect images and its length is much less than that 


// 



E 


Fig. 54 


of the astronomical telescope, because tlie eye-piece is 
placed between the object-glass and th(‘. position of the 
real inverted image formed by the object-glass 

and at a distance e([ual to the focal length of the eye- 
piece from the position of the image A^B^, The course 
of rays is shown in fig. 54. 

is the final, virtual, erect image seen. As before 


the magnification = 


focal length of the objective 
focal length of the eye-piece 


177. {a) Prismatic Binocular. In a telescope, to 


get good magnification, the object-glass should be of 
long focal length, moreover in an astronomical telescope, 
the distance between the object-glass and the eyc-piece 


must be greater than the focal length of the former. 
This causes the telescope length to become incon- 


veniently long; further the image seen is alwajs 
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inverted. To overcome these difficulties two totally 
reflecting prisms are 
arranged as shown in 
the figure. In this way 
the length is reduced to 
nearly of an ordi- 
nary telescope and an 
erect image is seen. The 
first prism produces 
lateral inversion, while 
the second inverts the 
image. The instruments 
are usually made in 
pairs, one for each eye. 

The prisms enable the Fio. 54 (a) 

distance between the object-glasses to be more than that 
between tlie eye-pieces. This arrangement makes it pos- 
sible to focus a large number of objects simultaneously. 

(b) Ordinary Binoculars. They are nothing but a 
pair of Galilean telescopes with comparatively short 
focal-length objectives. The magnification produced 
is small. 

178. Reflecting telescope. Due to the difficulty 
of constructing lenses 
of large apertures, which 
may not exhibit chro- 
matic aberration, the 
objective of a telescope 
may be replaced by a 
concave mirror. Such 
a telescope as shown in 
fig. 6B, is called a re- 
flecting telescope. It 
consists of a concave Fig. 55 

mirror C of large aperture, which gives rise to a real 
inverted image of an object situated very far off. As 
the real image is formed in the path of the incident 
light, special devices are necessary in order to see it. 
In the path of the reflected rays, is placed a plane mirror 
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M inclined to the principal axis at an angle of 4B®. 
Due to the reflection from the mirror il/, a real inverted 
image is formed at instead of at ha. This image is 
seen by an eye-piece L and a virtual magnified image 
is seen m the position 

The image formed by such a telescope is generally 
bright and devoid of colours, due to the absence of 
chromatic aberration, but is H 
always distorted due to sphe- 
rical aberration. / | Ma 


V 

Fig. B6 


Newton devised the first O' h 

reflecting telesco])e to avoid / \ 

defects due to chromatic aber- \ / \ rp 

ration; but after the discovery ^ ^ 

of achromatic combination of \ \ 

lenses, reflecting telescopes /Mi \ 

have gone into disfavour. / \ 

179. Hadley’s Sextant. 

This instrument is used for ® ^ ^ A 

finding the angle subtended ^ 

by two objects or by two Fig. B6 

points on the same object at the place of observation. 
The principle of the instrument is that when a mirror 
is rotated through any angle, the reflected ray is turned 
through double that angle. 

It consists as shown in fig. 56, of two plane mirrors 
M\ and The mirror is fixed to the radius BM^ of 
the frame, which is an arc of the circle with two fixed 
radii. This mirror M\ is partially silvered, so that a 
distant object O can be directly seen through the upper 
unsilvered portion of the mirror. The other mirror M 2 
is mounted on a movable arm M 2 V^ which carries a 
vernier along the graduated arc AB, When V is at A, 
the zero of the scale, the two mirrors Mi and M 2 are 
parallel to each other. In this position the observer 
will see two images of the same object, one directly 
through the unsilvered portion of Mi and the other by 
the path M 2 M 1 T] Le. the ray 0^ M 2 after reflection 
from M 2 goes along M 2 M 1 and then after reflection 
from Ml goes along Mi2\ 



OPTICAL INSTRUMENTS 


371 


Tf now the arm V carrying: the mirror be 
moved through an Z.AM 2 V', then an incident ray 

HM 2 coming from another object II will, after reflection 
from M 2 and M\^ coincide with OM^^ the ray coming 
directly from the object O. The angle between the 
object 0 and another object . This angle 

is equal to ue. 29. 

For if the ray TMi be imagined to be reversed; 
then if F is coinciding with A, the ray will go along 
after reflection from M\ and 3/25 the ray will 
go along M 2 II, after reflection from 7l/i and d/^, when V 
IS shifted through an The angle between 

the two reflected rays O' A /2 and il/^// will in accord- 
ance with the laws of reflection and the principle enun- 
ciated above will be 20. Usually the scale is divided 
into degrees and each degree is numbered as two deg- 
rees, to give the reading directly, as the angle between 
the two objects. 

EXAMPLES 

1. If the focal length of a lens be 2 inches and the 
minimum distance of distinct vision be 10'/ What is the 
magnifying power^ (P. TJ. 1914.) 

2. A convex lens, 5 cms. focal length, is placed at a 
distance of 2 5 cms from the eye of a person whose least 
distance of distinct vision is 20 cms. How far from the eye 
must a small object be placed so as to be seen distinctly. 

(P. U. 1917). 

3. The focal length of the objective of a simple 
astronomical telescope is 300 cms. and that of the eye-piece 
IS 3 cms. Find the distance between the lenses, when the 
instrument is focussed on a star. (P. U. 1921). 

4. What lens would be required to enable an eye, 
that cannot focus objects nearer than six feet, to read a 
book at 10 inches distance (L. U). 

5. A person, whose nearest distance of distinct vision 

is 15 cms., uses a lens of 5 cms. focal length to magnify a 
small object. What is the distance of the object when in 
focus, and what magnification is obtained ? (L. U.) 

G. A source of light is at first 10 ft. from a convex 
mirror, and is then moved up to a distance of 2 ft. from 
it. How much does the image move, if the radius of 
curvature of the mirroi be 4 8 ins.i^ (P. U. 1928.) 



CHAPTEE VI 

VELOCITY OF LIGHT 


180 . The velocity of light is so great, that the 
time required by it to travel any terrestrial distance 
is very small and thus special devices have to be used 
to measure velocity with any accuracy. 

(i) Romer’s method. In the Solar system, the Sun 
is supposed to 
have no motion 
of transla- /' 
tion. It may . y v 

simply rotate ; E 2 C) ~ 

on its axis. \ ^ 

Several pla- y 

nets revolve 

round the Sun ' 



in elliptic Fig, 67 

orbits. Earth is one of those planets and is nearer to 
the Sun than Jupiter, which describes a bigger orbit 
than the Earth. Jupiter has several satellites revolv- 
ing round it. Eomer directed his telescope towards 
one of them and found the period of its revolution 
round Jupiter 42^/2 hours, when the Earth and 
Jupiter were in positions and J, Fig 67. He ob- 
served that after six months, when the Earth is in posi- 
tion J ?2 and the Jupiter in position J' (because Jupiter 
takes IIV 2 years in once going round the Sun), 
the observed time was 42 hours and 46^2 minutes. 
Eomer explained this increased interval of 16 V 2 minutes 
by the time taken by light to cross the Earth’s orbit. 
Taking the distance of the Sun from the Earth to 
be about 93000000 miles, the velocity of light is 

given by ^ ^ which is equal to 193000 miles 


per second. 


S72 
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{ii) Fizeau’s method. The first terrestrial measure- 



Fig. B8 

ment of velocity of light was made by Fizeau in 1849. 

The plan of his method is shown in Fig. B8. Light 
from the point-source S falls on a lens Li and the 
emergent beam is reflected by a ground-glass screen 
placed at an angle of 45° to the incident beam. It is 
then brought to focus at the point F on the toothed- 
wheel. This point F is at the principal focus of the 
lens L 2 and thus the emergent beam consists of parallel 
rays. These parallel rays after traversing a very great 
distance (about 1 kilometer) are incident on a lens is, 
which converges the beam to a point, where a concave 
mirror having radius of curvature equal to L^M lies. 
The rays are reflected along their original paths, which 
they retrace, and reach the eye E. 

The tootlied-wheel at F is rotated so that succes- 
sive teeth pass through the point F, Thus light at F 
is alternately intercepted by a tooth and allowed 
to pass from the space between the two teeth. If the 
wheel rotate slowly, then the light passing through 
a space has sufficient time to return through that very 
space ; and thus an image of the source S will be seen 
by an Eye placed at E. As a space is followed by a 
tooth, which cuts off’ the light altogether, a flickering 
image will be the result, if the rate of motion of the 
wheel is slow. On increasing the speed, the flicker 
will cease, due to persistence of vision. On steadily 
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increasing the speed still more, a stage will be reached 
when the light, which has passed through the space 
between any two teeth, finds a tooth on its return 
journey to obstruct its path. At this stage the image 
of S will become invisible to the eye at E. 

Now if Til be the number of teeth on the circum- 
ference and n the number of revolutions made by the 
wheel per second; then the time of moving through 

one tooth-space will be — , supposing the width of 

2//m 


tooth and space to be exactly equal ; and during this 
time the light has travelled from F to M and back 
again. If this distance be denoted by d, then the ve- 


locity of light is equal to 


2d 

1 


= 4d/M«. 


2mn 


If the speed of revolution of the wheel be doubled, 
the image will re-appear, for a lay passing through a 
space will find its way through the next space, on its 
return journey. This method has the merit of being 
simple in theory and the image seen is well-defined; 
but it suffers from the drawbacks, that intensity of 
light is greatly diminished by successive refractions 
and the field of view is illuminated by the light inter- 
cepted on the tooth. 

EXAMINATION QUESTIONS VIII 

1. Define intensity of illumination and illuminating 
power of a source of light. How are the illuminating 
powers of 2 sources compared ^ Two sides of a photometer 
look alike when the distances of the sources are 3 and 
4 feet respectively. What should be the distance of the 
fainter source, when the brighter is 6 feet ? 

2. A circular uniform source of light is 2 inches in 
diameter and a sphere of the same size is placed 3 feet 
away. Find the size of the umbra and penumbra 3 feet 
away from the spheie. 


3. 


Prove — 

V 



where the symbols have their 


usual meanings. An object placed in front of a mirror gives 
rise to an image twice as large. The object is moved 10 
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cms. towards the mirror and the magnification becomes 3 
times. Find the focal length. 

4. Describe and prove the laws of refraction. Give 
a method of finding P' for water. What do you understand 
by total reflection and critical angle ? 

6. Prove“^ where the symbols have the 

V u f 

usual meanings A convex lens casts an image equal in size 
to the object, which is placed 20 cms. away from the lens. 
If another lens be placed in contact with the first, the image 
is found to be reduced to one-quarter of its previous linear 
dimensions. What are the focal lengths of the two lenses ^ 

6. Describe carefully, with the course of rays, the 
various optical instruments. What are the defects of the 
eye and how are they lemedied ? Find an expression for 
magnification of a simple microscope. 

7. What do you understand by dispersion. Give a 
method of getting a pure spectrum. How do you account 
for the colour of bodies^ What are spherical and chromatic 
aberrations and how are they remedied ? 

8. Give Fizeau’s method of finding the velocity of 
light. 
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CHAPTER I 

SOUND IS ALWAYS THE RESULT OF VIBRA- 
TORY MOVEMENTS 

181 . Sound is a form of energy, which is produc- 
ed by the rapid vibrations of a bo(iy and propagated 
by waves travelling through a material medium. It 
affects the organ ot hearing. 

Experiment. Take a tuning-fork .and set it into vib- 
ration by striking it with a 
wooden hammer Note that 
sound IS produced. Bring a 
pith-ball pendulum near it; 
notice that the ball is driven 
away, as if it had received a 
number of blows, and this con- 
tinues till the tuning-fork 
continues to give sound. 

The vibratory movement 
giving sound may be pro- 
duced m a solid, liquid or 
even gas, as in the case of 
organ pipes. Fig. 1 

Sound cannot travel through vacuum. Within the receiver of 



an air-pump arrange an elect- 
ric bell, which can be rung 
by a bell-push from outside. 
Work the pump to exhaust 
the receiver and press the 
bell-push Notice that the 
loudness decreases, as the 
density of the air inside the 
receiver decreases , showing 
that *hc loudness of the sound 
depends upon the density of 



Fig. 2 
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the medium^ in which the hody vibrates. If the pump be 
worked on to pioduce hjfxh de^^iee of exhaustion, the sound 
may become too feeble to be easily audible. This shows 
that some material medium is necessary for the 
of sound from one place to another. 

Vibration. A point is said to vibrate, wlien it 
executes the same senes of movements at regular or 
nearly regular intervals ; thus the bob of a pendulum 
is said to vibrate 

Period of Vibration The time re(|Uired to com- 
plete a vibration is known as the period of \ibialion. 
It is the time, which elapses between the nioment 
when the vibrating body passes through any point to 
the moment, wdieii it passes the same point in the same 
direction to repeat the same movements ,and is denoted 
by t. 

Frequency. The number of complete vibrations 
made in one second is called the frequency and is 

generally denoted by n Thus nz=z — . 

t 

182. Longitudinal and Transverse 

When displacements take place in a 
direction, perpendicular to the length of 
a body as sliowm in fig. 2 (^), the vibra- 
tions arc called transverse vibrations. 

Here one end of the rod is fixed in a 
vice and the other end is moved slightly 
to one side (c), and then released. It 
tries to recover its normal position {a), 
but as it comes to it, it overslioots tlie 
mark due to its kinetic energy at {a) and 
thus goes on to (6) on the other side. This 
process is repeated, till it is slowly brought 
to rest by the friction of the air. 

When however, the vibrations are 
backwards and forwards along its length, 
they are called Rectilinear^ as shown in fig 
the end {a) is elongated to (c) by a puli and then re- 
leased, It tries to go back to its normal position, but 


vibrations. 


t a c 



(/) («) 
Fro 3 
3 ill). Here 
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again overshoots its mark and goes on to b. Such move- 
ments are repeated. 

The fixed end of the rod in each case is called the 
Node ; this is the point of maximum strain and no 
displacement. The free end is called the Antinodej this 
is the point of no strain and maximum displacement. 

Amplitude Tlie distance fiom ia) to (c) le from 
the mean position of rest of a ^ubrating body to either 
of its extienie positions is (‘ailed amplitude. 

183. Simple Harmonic Motion or S H M. In most 
cases a vibrating body executes 
a motion called simiile harmo- 
nic. The motion of a particle 
IS said to bo S.l£ M , when it 
moves along a line straight or 
curved in sindi a way, that its 
acceleration is directed always 
towards a fixed point and is 
jiropoi tional to its displace- 
ment at any instant. Thus if 
a body A descudbo a ciicle with Fjo 4 (i) 

uniform velocity about a point O as (*entre, then the 


0 


d 

Fig. 4 (ii) 

projection of A (such as B on any fix(Hl line OX) 
represents a simple harmonic motion. 

The acceleration of xl = , along AO Its com- 

ponent along XO will be ^ 

r*2 OB 

cos 0= “ X — = -2 — . OB> == X OB. 
r r r ’ 
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where ?c=angiilar velocity and is equal to> ^--.Thus the 

r 

acceleration of B is proportional to displacement and 
is directed towards 0, 

Thus the acceleration OB 

^ 2 a/- — 

^ OB =^<^‘ 

But 2^, the time of one complete vibration 

. 27r 2ir /"oW 

IS or w!=r-=:2‘ir 1/ * Thus the time 

a/— ^ ^ ^ 

^ OB 


of vibration in S.H.M- is equal to 2*^ 



disp la cement 

acceleration 


A simple harmonic motion is sometimes repre- 
sented by a curve ahcde^ where the abscissae denote 
times, with the period of a complete vibration as unity 
and the displacements of B fig. 4 {%), at the corresponding 
times as the ordinates. Such a graph is called a Displace-^ 
ment curve. Its form is that of a Sine curve. 

Phase. In fig. 4 (e), suppose A starts from X and 
is at A after a time t. Let the time of one complete 
vibration of A be denoted ^ 

. t • ® 

by T\ then the ratio— ^ is \ 

the phase of A at the given 
position. It is defined as 
the ratio of the time, which 
has passed since the body 
was last at its mean position 
of rest, to its period of vibra- 
tion. ^ 

184. Mode of propaga- 
tion of sound. The way in 
which sound travels can be best understood by refer- 
ence to fig. 6. When the prong of a tuning-fork 


C R C 


Fig. 6 
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starts from M towards A, the layer of air just in contact 
With it IS comi^ressed ; this compression is imparted to 
the next layer and thus it is passed on from layer to 
layer. On reaching yl, the prong retraces its jiath and 
moves over to thus producing a partial vacuum or 
rarefaction. This rareiaction is passed from layer to 
layer in the wake of the compression. On reaching 
the prong begins to move towards yl again and to send 
off a compression. Thus compressions and rarefactions 
are sent in quick succession and constitute sound 
waves. 

It should be clearly understood, that no portion 
of the medium leaves its place altogether; the motion 
of the molecules takes place in their own orbits, while 
the disturbance travels further on. In the above 
example, the particles move in the same diiection as 
the disturbance. It is spoken of as Longitudinal wave. 

An illustration of this is furnished by a number 
of marble balls resting in close contact with each 
other in a groove. 

If a ball yi be struck 
against one end of the 
row, then the last ball 
B of the row flies oft*. 

Tlie reason is that yl («) 

presses the first ball against which it strikes, the first 

presses the second and so on, till the last is driven off. 

The way m which sound waves travel through 
the atmosphere is further beautifully illustrated by 
Crova’s disc, fig. 6. A number of circles with uniformly 
increasing radii are drawn with centres equidistant 
round a small circle on a circular piece of white cardboard. 
A rectangular piece of cardboard having a rectangular 
slit is placed over it and the circular jnece, with the 
circles on it, is rotated. Compressions and rarefactions 
are then seen to travel along the rectangular slit. 

A graph may be drawn showing the displacements 
of particles in the direction of motion as ordinates 
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and the positions of the particles as abscissae. Such a 
grapli IS known as the displacement curve tor the longi- 
tudinal wave. It IS similar to a sine curve, when the body 



Fig. 6 

vibrates harmonically. 

185. Transverse Waves. The waves, which are 
produced when a small pebble is throvvn in the centre 
of a pond, are difTerent from the longitudinal waves, 
we have considered above. In this case the particles 
of water travel at right angles to the direction in 
which the disturbance travels. Such a wave is called 
a Trar)fiv>erse Ware. 

Transverse waves are seen, when one end of a 
rope is jerked. The particles of the rope move up 
and down in a sine curve as shown in fig. 7, while the 
disturbance travels forward. 

The distance., which the ware or disturbance travels 
du7'ing the period of vibration of the vibrating bodg, is 
called the wave-length and is generally denoted by A. 
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It is evidently the distance hetireen tico consecutive 
of the media ni^ lohose vibrations are in the same 
phase. 



Fio 7 

Thus in fig. 7 the disUnce ^Ito K is a wave-length. 

The velocity of a wave is the distance it travels 
in one second It t be the period of vibiation, then the 
number of vibrations made by a partuk' in one second 

IS ^ , which is denoted by n; and the distance the wave 
t 

travels in one second is where X is the wave- 

length. 

Thus we have 

The quantity n is called th(‘ fieipieucy and denotes 
the number of vibrations made by a partick' jiei second, 
or the number of waves passing a given point in one 
second. 

Whenever waves aie piodiiced, as when a pebble 
is thrown into Avater, it is noticed that successive parti- 
cles are disturbed in tuin 

The locus of all those points, irhich are just on the 
point ofheinrj (lisfuibed^ is called a wave-front. 

Stationary waves. Fix; one end ot a rubber 
tubing and liold the other in your hand; move it to 
and fro slowly for some time. Notice that some 
parts of the tube (maiked A in fig <S) have consi- 
derable displacement, while the others marked N 
remain almost stationaiy The tube setmis to be 
divided into vibrating loops or segments. Such 
waves, produced by the combination of incident and 
retlected waves are called stationaiy leaves. The two 
sets of waves are travelling along the tube m opposite 
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directions. Where the crest of the incident wave coin- 
cides with the trough of the reflected wave, the one will 
neutralize the other and the point 
will remain fixed The stationary 
point is called a node and the point A 
where the displacement is maximum 
is called an antinode. The distance 
between two consecutive nodes or an- 
tinodes IS one-half of a wave-length. 

186 . General characteristics 
of wave-motion. 

1. The medium as a whole does 
not move, but the particles oscillate 
in their own positions. 

2. The velocity of the disturb- 
ance or wave is not the same as the 
velocity of the particles. 

3. Wave propagation takes time. 

4. Waves can be reflected and refracted. 

SUMMARY 

1. A point IS said to vibrate when it executes the same 
series of movements at regular intervals. 

2. The tune required to complete one vibration is 

known as period of vibration 

3. The number of vibrations made per second is called 

frequency. 

4. When the displacement takes place in a direction 
perpendicular to the length of a body, the vibration is 
known as transverse. When however, the displacement is 
along the length of the body, the vibration is known as 

longitudinal 

5 The fixed end of a rod, where no motion takes 
place, but strain is maximum is called a node. 

6. The free end of a rod where maximum motion 
takes place but no strain is experienced, is called an 

antinode. 

7 The distance between the mean position of rest 
of a vibrating body and its extreme position is called an 

amplitude. 

8. Sound cannot travel through vacuum. 
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9. Phase. It is the ratio of the time, which has elapsed 
since the body last left its position of rest, to its period of 
vibration. 

10. S. H. Motion IS the motion of a particle, whose 

acceleration is always proportional to its displacement and is 
directed towards a fixed point. The period of vibration of a 
body executing S. H. M. is equal to 

2 IT 4 / Displacement 
V Acceleration 

11. The distance travelled by the disturbance during 
the period of vibration is called the wave-length and is 
denoted by X. 

12. LonafRudinal waves are those, in which the parti- 
cles oscillate in the same direction in which the disturbance 
travels. 

13. Transverse waves are those, in which the particles 
oscillate in a direction perpendicular to that in which the 
disturbance travels. 

14. The velocity of wave-propagation is equal to nX. 



CHAPTER 11 

VELOCITY OF SOUND 

That Sound takes time to go from one place to an- 
other is obvious from the fact that soine ti?ne does elapse 
between the flash of the lightning and the sound of 
the thunder. 

187. Velocity of sound by Gun-method. Two 

stations A and B are selected and the distance d bet- 
ween them is carefully noted. A gun is fired at A and 
the observer at B notes down the time tj, which elapses 
between the flash and the report of the gun. The ex- 
periment is repeated by taking what is known as the reci- 
procal observation] i.e. the gun is fired at the station ii 
and the observer at A notes down the time ^ 2 ? which 
elapses between the flash of the gun and the hearing of 
the report. To get the velocity of sound, the distance d is 

divided by the average time — . 

2 

The average of the two times is taken in order to 
avoid errors due to wind. 

Further corrections become necessary to eliminate 
errors due to the eflfects of temperature and moisture. 
Moreover allowance is to be made for personal equa- 
tion i,e, the errors, which are introduced on account of 
the fact that sight-impression of the flash and the sound- 
impression due to the report of the gun take different 
times to react upon the observer and to be recorded 
by him. 

The laboratory method of finding the velocity of 
sound by a resonance-tube will be described later at 
its proper place. 

Velocity of sound from theoretical considera- 
tions. Newton showed that the velocity of sound in. 

886 
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any medium is given by the formula, 



E is the elasticity and D the density of the medium. 

In the case of gases, under isothermal conditions 
elasticity is equal to the pressure and therefore the 
above formula becomes 



From the formula, the value obtained for air is 
280 metres, while that actually observed is 332 metres. 
Newton tried to explain this by saying that sound did 
not take any time in going through the substance of 
the molecules and thus 280 metres represented the 
velocity in intermolecular spaces. Laplace, Newton's 
contemporary, showed that Newton’s reasoning to 
explain the difference between the deduced and ob* 
served values was incorrect in so far as sound could 
not actually travel through vacuim. He said that New- 
ton’s primary forihula, F= \/ perfectly true 


but his deduction viz. F= ^ i 


erroneous in 


the case of gases ; because E—P, under isothermal 
conditions i.e. when the temperature remains constant. 
In the case of sound waves, we are not justified in 
taking E~P, for the compressions and rarefactions 
take place in so quick a succession, that heat has no 
time to escape and therefore the temperature does not 
remain constant, while on the contrary the quantity of 
heat remains the same. The changes are adiabatic and 
therefore elasticity is equal to “/P, where 1 is the ratio 
of the two specific heats of the gas. Su bstituting this 


value for elasticity, we get »= \/ we find 


that the value obtained by this formula and the actual 
observed value agree within reasonable limits. Therefore 
Laplace’s correction must be correct. 
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188. EflFect of Pressure, Temperature and 
Humidity on the velocity of Sound. 

(a) Effect of Pressure. By Boyle’s Law, PF=P'F'; 
P _ V'_D 
F' V D>' 

i.e. the density and the pressure vary directly, therefore 

p 

the ratio -yr does not change. In other words, velo- 


city of sound, ^;= change with varia- 

tions of pressure. 

(6) Effect of Temperature. When the temperature 
increases, density decreases, because the volume in- 
creases. 


We have 


IK 


and Ft 


=a/^' 

V D, 


Where Fo=velocity at 0° D^^density at 0®C. 
Ft= velocity at t° and density at t°0. 

D T 

But ~ = -Tfr - , i.e. the density varies inversely as 

the absolute temperature. By Charles’ law, we have 

D^_2Td + t_T 
or 






A 


273 T„ 


Therefore 


V, 




VI- 


i.e. the velocity of sound in air is proportional to 
the square root of the absolute temperature. 

Velocity of sound increases at the rate of 2 feet 
per sec. or 61 cms. per sec. per degree centigrade. 

(c) Effect of Water-vapour. The water-vapour in 
air reduces the density of air and thus increases the 
velocity of sound. 

189. Velocity of Sound in water. Velocity of 
sound in water was determined in 1826 in Lake Geneva^ 
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Two boats were stationed far apart. A bell was 
struck under the surface of water by a lever, which 
produced a flash by igniting gun-powder at the same 
time. The observer on the other boat noted the time t 
between the flash and the report of the sound as heard 
by an ear-trumpet dipped in the water and then the 
velocity of sound in water was determined by dividing 
the distance by the time. Velocity in water was thus 
found to be 1435 metres per sec. 

190. Reflection of Sound. When sound waves are 
incident on an extended and somewhat smooth obstacle, 
they are reflected according to the laws of reflection 
applicable to heat and light waves. When sound is 
reflected from a distant obstacle, the reflected sound 
is called an echo. For an echo to be heard distinctly, 
it is necessary that the obstacle should be very far ofl. 

To speak or hear distinctly, it is necessary that 1/5 
of a second must elapse between successive syllables. 
Hence if an observer were to speak n, 6, c, etc.; then 
assuming the velocity of sound to be 1120 feet per 
second and the distance of the obstacle to be 112 feet, 
it is evident that when he is about to utter the letter 6, 
the reflected sound of a reaches him and thus the 
direct sound ot b and the reflected sound of a will be 
blended. Similarly the direct sound of c and the 
reflected sound of h will be blended and so on for the 
remaining syllables; but when he stops speaking, he 
will hear distinctly the echo of the last syllable only. 
Such an echo in which only one syllable is heard distinct- 
ly is called a monosyllabic echo. If however, the 
distance is twice, thrice or four times 112; then two, 
three or 4 syllables will be heard distinctly and the 
echoes are called disyllabic^ trisyllabic or polysyllabic. 

190. (a) Refraction of Sound. Like heat and 

light waves, sound waves are refracted when they pass 
from one medium to another. Thus refracted sound 
waves are brought to focus on passing through a lens 
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filled with carbon-dioxide. A solid lens cannot be used, 


. \ \ ' ; 


/ . i » 

I I 



Fig. 8 

because most of the energy is reflected from its front 
surface, 

SUMMARY 

1 . Velocity of sound in air has been obtained by Gun- 

method and IS equal to 1090 feet per second at 0°0. 

2. Newton proved that velocity of sound = t / , 

V D 

where E is the elasticity and D the density of the medium 
through which the waves travel. 

3 . In the case of gases, Pressure under isothermal 
conditions. 

4 . Laplace modified Newton’s formula and the correc- 
ted expression for th e velo city of sound in gases is 


t?= , where ^ = r41. 


5. Velocity of sound in water is nearly four times its 
velocity in air. 

6. Sound can be reflected and refracted like light. 

EXAMPLES 

1. Find at what temperature the velocity of sound in 
air is double the velocity of sound in air at O^C. (P.U. 1914) 


, 2734-^ 

<=819®0. 
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2. An echo repeats two syllables at 0°C., find the dis- 
tance of the reflecting surface. 

For 2 syllables, the sound ought to take 2/5 of a second 
in going to and coining from the obstacle or 1/5 of a second 
in going only, 

/. the distance of the obstacle must be 



3. A flash of lightning is observed and the thunder is 
heard 3 seconds afterwards. How far away did the flash 
occur ? — temperature = 15^C. 

4. A man sets his watch by a gun, 1 mile distant. 
Will it be too fast or too slow and by how much ? Tem- 
perature =15°0. 

5. The whistle of an engine is heard after reflection 
from a cliff, after an interval of 8 seconds. Four minutes 
later the interval is found to be 6 seconds. How far is the 
engine from the cliff and at what rate is it proceeding ? 



CHAPTEE III 

LAWS OF VIBRATING STRINGS 
191. Sonometer. The instrument used for studying 


M 



Fig. 9 

the laws of vibrating strings is called a sonometer or 
monochord. It consists of a sounding-box IW about 
120 cms. long. Two wires are stretched over it. One 
wire is attached, on both sides to wrest-pins ; while the 
other is attached to a wrest-pin on one side, and on the 
other side it passes over a pulley and carries a scale- 
pan. Each string passes over two fixed bridges 100 
cms. apart. A movable bridge M intervenes between the 
two fixed bridges, which can be shifted anywhere and 
thus any required length of either wire can be set into 
vibrations. 

192. Laws of vibrating strings ; — 

1. The frequency varies inversely as the length. 
In the C.G S system, it is expressed mcms.; i.e. all other 
things remaining the same, if the length of a vibrating 
string be halved, the frequency is doubled. 

Set the monochord into vibrations as a whole and 
then set half its length into vibrations by inserting the 
bridge M; notice that the frequency of the sound emit- 
ted is doubled in the latter case. 

2. The frequency varies directly as the square 
root of the stretching force. In the C.G.S. system, it 

392 
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is expressed in dynes. Thus other things remaining 
constant, to get a note of double the frequency in 
this case, the stretching force must be four times as 
much as in the first instance. 

3. The frequency varies inversely as the square- 
root of the density of the material of the wire. 

4. The frequency varies inversely as the square- 
root of the area of cross-section of the wire. 

The last two laws can be combined by saying that 
frequency varies inversely as the square-root of the mass 
of 1 cm. of the wire ; because mass of 1 cm. of a wire 
depends both upon the area of cross-section and the 
density of the material of the wire. 

These laws are demonstrated practically by the 
help of the monochord, by varying the length, the 
tension and the mass per unit length of the wire in 
turn. 

The frequency of a vibrating string is given by 
the formula 


= — i / \ / 

V ni y 


T 

TTr^d 



where n= frequency, Z= length in cms. 

r= stretching m=mass in gms. of 

force in dynes. 1 cm. of the wire. 

The sound given out by a tuning-fork is pure, i,e. 
it consists of one frequency only and is called a tone ; 
while the sound given out by a vibrating string is not 
pure, but consists of a mixture of tones and is called 
a note. 

In a note, tone of the lowest frequency is called 
a Fundamental and one of double the frequency is 
called an Octave\ while tones of frequencies three times, 
four times etc. of the fundamental are called Har- 
monics or Ocertones. 

The points of a vibrating string, which pass over 
the bridges and are in contact with them, are called 
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the Nodes-, while the middle point, where the amplitude 
is maximum, is called the Antinode. 

Node is thus a point in a vibrating body, where 
the displacement is minimum and the changes of 
pressure maximum ; while antinode is a point where 
the displacement is greatest and the variations of 
pressure least. 

193* Harmonics in the vibration of a string. When 
a string is ^ 

vibrating as a 
whole m one 
segment as 
shown in fig. 

10 (i)f the 
note emitted 
is its funda- 
mental tone, 
the wave- 
length is twice 
the length of 

the string and the frequency 
given by n= - 





(it) 

Fig. 10 

of the note emitted is 
where V is the velocity of dis- 


turbance in the string. 

If however, the same string is made to vibrate 
in two segments as shown in fig. 10 {ii)j by bowing it at a 
point '/4 of the length of the wire from one end and 
damping it in the middle, by slightly touching it with a 
twisted piece of blotting paper; it will be noticed that 
there are nodes at iVi, N 2 and N 3 and antinodes at Ai 
and Az* The note emitted will be an Octave of the 
fundamental. The existence of nodes and antinodes 
is shown by placing F-shaped paper riders on the 
string. They are thrown off at the antinodes and 
remain at rest at the nodes. 


When a string is plucked at random, its vibrations 
are made up of all sorts of vibrations and the note 
emitted is a mixture of various simple tones. 
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SUMMARY 


1. The frequency of the note emitted by a sonometer 

is given by ^ \/ — , where I is the length in cms., T 

V m 


the tension m dynes and m is the mass of wire per cm. 

2. The note of lowest frequency is called the funda- 
mental. a note of double the frequency is called the 
octave and notes of frequencies three, four times etc. of 
the fundamental are called harmonics or overtones. 

3. The fixed end of a rod is called a node and the 
free end an antinode. 

4. The note emitted by a vibrating string is not pure 
but contains harmonics or over-tones. 


EXAMPLES 

1. A copper wire (density 8 8 gins, per c c.), 100 cms. 
long and 1*88 mms. in diameter is stretidied by a weight 
of 20 kilos. Calculate the pitch of the fundamental tone 
(C U. 1922.) 

2 A steel wire 60 cms. long and *5 mm. diameter 
gives a note of pitch 240 when stretched with a certain 
weight. A second steel wire bears the same weight as 
the fiist, but is 40 cms. long and 6 mm. in diameter. Find 
its frequency. (P. U. 1919 ) 

3. A wire of length 140 cms. and mass 52 grams is 
stretched by means of a load of 16 kilograms. Calculate the 
frequency of the fundamental vibration, (/ = 981 cms. per 
sec. per sec. (London University). 

4. A coppei wire one metre long, is vibrating in two 
segments, when stretched by a weight of V 4 kilogram. 
Find the fiequency of the note, if the mass per centimetre 
be *01 gm., (7 = 980. (London University). 

5. Two similar strings on a sonometer are tuned to 
unison, one is 36 inches long and stretched by 100 tbs. 
Find the weight on the other, \^iich is 72 inches long. 



CHAPTER IV 

MUSICAL SOUND 

194. Music and Noise. When sound is produced 
by the vibrations of a body having? a definite period, it 
is called music and when it is produced by irregular 
movements, it is called noise. Musical sound such as 
that of a fork, a harmonium or a flute is pleasing to 
the ear; while noise, such as the sound of a thunder or 
the report of a cannon is displeasing to the ear. There 
is however, no very sharp distinction between the two. 

195. Characteristics of musical Sound. Musical 
sounds diiffer from one another in respect of three 
qualities. Loudness^ pitch and quality, 

1. Loudness. It is the intensity of the sensation, 
with which sound affects the organ of hearing. 

Loudness depends upon : {i) The amplitude of the 
vibrating body. It varies directly as the square of 
the amplitude, [ii) The density of the medium. It varies 
directly as the square-root of the density. (Hi) The 
distance of the observer. It varies inversely as the 
square of the distance of the observer from the vibra- 
ting body, {iv) The direction of the wind. It is more 
intense when sound is going in the direction of the 
wind and less intense when it is going against the 
wind. (/;) It depends also upon the surface area of the 
vibrating body, being more intense if the area is larger 
and less intense if it is smaller. 

2. Pitch or Frequency. It is that characteristic 
by which an acute sound can be differentiated from a 
grave or flat one. Human ear can differentiate bet- 
ween two tones of different pitches. A person is said to 
possess a good musical ear, if he can form an accurate 
judgment of the pitch of a sound. 
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3. Quality or Timbre. It is the peculiarity which 
distinguishes two sounds of the same loudness and fre- 
quency, when they are produced by two different 
instruments. Thus we can easily distinguish the sound 
produced by a harmonium from that produced by a 
flute, though they may be of exactly the same loud- 
ness and pitch. 

We have learnt already (Chapter III), that every 
tone, except the one produced by a tuning-fork, is 
accompanied by its harmonics, the nature and character 
of which diff*er in different instruments. The diff*ereiice 
in quality is due to the difference in harmonics, which 
accompany the same fundamental tone, when produced 
by two different instruments. It is these harmonics, 
which add to the t'ulness of the note and give it a 
musical tone. 

196. Methods of measuring Pitch or Frequency. 

1. Chronograph method, A piece of smoked 



paper is wrapped round a drum 2>, which rotates about 
the axle S. As the drum rotates, it advances slowly 
further on. The tuning-fork of which the frequency 
is to be measured, is provided with a style, so that it 
leaves a trace on the drum as it rotates. The frequen- 
cy of the fork is determined by counting the wavy 
marks on the smoked paper in a given interval of 
time. 
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2. S(iva?'fs toothed- icheel method, A wheel hav- 
ing a large number 
of teeth on its cir- 
cumference IS ro- 
tated by a handle 
and a piece of 
steel disc or card- 
board is so adjust- 
ed as to be struck 
by the wheel in 
quick succession. 

The speed of revolution is regulated so that the pitch of 
the note produced is equal to the pitch of the note to be 
measured. Then the pitch of the note' is given by n X 
Avhere n is equal to the number of teeth and m= the 
number of revolutions made by the wheel per second. 



3. Cagniard de la Tour's Siren Method, A siren 


consists of a wind-chest W,C 
fig. 13, the upper plate of 
which has oblupio holes. A 
disc i), mounted upon a verti- 
cal axis, fits over it. The 
disc has as many concentric 
holes as the plate ; but their 
slope is in opposite direc- 
tion to that of the plate-holes. 
The upper end of the vertical 
axis of the disc is connected to 
a clock-work, which records 
the number of revolutions 
made per second. 

When air is forced in the 
wind-chest by bellows, it es- 
capes in a slanting direction 
through the holes of the plate 
and strikes against the sides of 
the holes in the disc and thus 



causes it to rotate. The speed of Fig. 13 

revolution will vary with the pressure in the wind-chest. 
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Every time the upper and lower holes come together, 
puffs of air escape and give rise to a note. 

To measure the frequency of a sound, the siren is 
adjusted so as to give a note of the same frequency. 
Then the frequency of the sound will be w X where 
n is the number of holes and m the number of revolutions 
made per second by the disc^ 

4. Sonometer Method. The sonometer and laws 
of vibrating strings have already been described in 
Chapter III. The length of the sonometer wire is so 
adjusted by the movable bridge that it emits a note of 
the same pitch as that of the given sound ; then its 
frequency is expressed by 
1 / p 

w=-~ i / , where the symbols have their 

U V 

usual meanings. 

6. Interference or Beats Method, When two 
waves are traversing a medium simultaneously, the 
actual disturbance at any point is the resultant of the 
component disturbances; this fact is known as the 
principle of superposition and forms the basis of the 
phenomenon of Interference. 

Suppose two tuning-forks of frequencies 266 and 
252 are set into vibrations simultaneously. It is 
evident that after l/8th. of a second, the first 
tuning-fork will have executed 32 vibrations, while 
the second only 31 Vs > they will be in op- 

posite phases, so that condensations of the first 
are neutralised by the rarefactions of the second, 
and the intensity of sound will be minimum After 
l/4th. of a second, the first tuning-fork will have 
completed 64 vibrations while the second only 63 ; 
ue. they will be in the same phase and thus the 
resultant sound, being of maximum intensity, will be 
the sum of the two. After 3/8, 6/8 and 7/8tlis. of a 
second, the condition will be similar to that, after l/8th 
of a second, Le. one of minimum intensity ; and after 
1/2, 3/4 and 1 second, the condition will be one of maxi- 
mum intensity. Thus in one second, the sound will have 
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maximum intensity four times and minimum intensity 
four times. These variations in intensity of the sounds 
when two notes of slightly differing frequencies are 
sounded together^ are spoken of as Beats. The number 
of beats heard per sec. is always equal to the difference 
in the frequencies of the two notes. Thus in the present 
case the number of beats heard is 4, which is the differ- 
ence m the frequencies of the two tuning-forks. 

This principle is made use of in finding the fre- 
quency of a given note in the following manner: — 

A tuning fork of unknown frequency is vibra- 
ted in conjunction with one of known frequency 
(say n) and the number of beats (say x) heard per 
second is noted. Then the frequency of the unknown 
note must be n + a;. To decide whether -h or — sign 
is to be taken, a little piece of wax is attached to 
the tuning-fork of unknown frequency and the num- 
ber of beats again noted; if the number of beats in- 
creases — sign is to bo taken and if it decreases +sign 
is to be taken. The effect of attaching a piece of 
wax is always to lower the frequency. Thus if the 
frequency of the unknown tuning-fork is already 
lower, the difference between the frequencies of the 
two will increase still further and thus the negative 
sign gives the actual frec^uency. If however, the fre- 
quency of the unknown is higher, then the difference 
between its frequency and that of the known fork will 
decrease and thus -f sign should be taken. 

The resonance of a column of air, the principle of 
which will be described in Chapter V, is also used to 
find the frequency of a note. 

197. Diatonic Scale. This is a universally-employed 
set of musical notes between the fundamental and its 
octave, used to keep company with human voice. The 
number of musical notes in a scale including the funda- 
mental, called the key-note^ and its octave is eight. 
The relative frequencies of the notes of the scale are 
represented in whole numbers as follows: — 

C D E F G A B 

24 27 30 32 36 40 45 48 
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The ratio of the fre([uency of a note to that of an- 
other IS called the Interml between them. 

Thus the intervals between successive pairs of con- 
secutive notes ot* the above scale are* — 

9 10 Id) 0 10 9 Hi 

lo 8’ 9’ ¥’ 15 


The 


8’ 9’ 
interval 


is called the 

8 

10 . 

— IS 

9 


Major-Tone^ 
called the Minor-Tone^ 


and 


10 

16 


is called the Send- 'Tone. 


The frequency usually assigned to the key-note C is 
256. Thus the notes of the diatonic scale will have the 
following frequencies: — 

C D E F G A B D' 

256 288 320 341 384 427 480 512 576 

Musical Temperament. In actual music, a variety 
of key-notes is necessary. Thus if instead of {C\ fre- 
quency 256 being taken as the key-note, {D) 288 be 
taken as the key-note, the frequencies ought to be 
D E F G A B (T D' 

288 324 360 384 432 480 540 576 

Thus if D is to serve as the key-note ; notes of 
frequencies 324, 360, 432 and 640 must be intro- 
duced. If the musical scale is to servo with any note 
as the key, a large number ot notes will be required. 
This introduction of new notes for every new key 
makes the instrument unmanageable. A compromise is 
made in actual practice by a little alteration in the fre- 
quencies of the various notes of the Diatonic scale, so that 
they may serve with any note as the key and this 
adjustment of the notes is called Temperament. 

Equal Temperament. In equal temperament, the 
interval between the fundamental and its octave has 
11 notes, i.e. the total number including the funda- 
mental and its octave is 13 and the frequencies are 
in the ratio ; — 
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C Ci D Di E F Fi G Gi A Ai C> 

1 2 ^^^ 2 ^ 2 ^ 2 ^ 2 ^^*^ 2 ^ 2 ^ 2 * 2 ^ 2 *^ 2 

Thus in an equally-tempered scale, 5 additional 
notes denoted by the black-reeds in harmonium are 
added and by so doing the scale is used with any note 
as the key. The interval is the same throughout and 

is equal to 2^^ or l*0(i. 

197. (a) The gramophone. It is a machine to 
record and reproduce speech. It was first invented by 
Edison in 1877. It consists of two separate instriy 
ments ‘‘the Recorder” and “ the Reproducer. ” It is 
generally the latter, which is called the gramophone. 

The Phonograph Recorder. It consists as shown 
in fig. 13 (aj of a large horn 
LN suspended by a string 
M at the mouth and is con- 
nected at the small end by 
a tube to the recording box 
JS. This box is counter- 
poised by a weight P. The 
box can be carried by an 
arm, which can be travers- 
ed along a slide (7 by a 
screw B, A disc of wax 
upon which the record is to 
be taken is mounted on a turn-table V and rotated uni- 
formly by a clockwork. Thus the needle or ‘ stylus ’ cuts 
a spiral groove on the wax'*', which should neither be 
too soft nor too brittle. 

This record is called the inother-record. From this 
an electrotyped copy of copper is obtained, which 
is called the father-^record. This father-record is used 
to form daughter-records j by squeezing black discs on to 
it in a hydraulic press. These are sold in bazaars. 
The composition of the material of daughter-records 
is a trade secret, but they generally consist of shellac, 
lamp-black, cotton fluff and s ulphate of barium etc. 

* It 18 a mixture of parafiin-wax, ozokente, soap and Japan-wax. 



Fig. 13 (a) 
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The records are in the form of circular discs, usually 10 
to 12 inches in diameter with a spiral trace having 
about 4 turns to the mm. 

The Recording box. The most important part of 
the recorder is the recording box to which the steel 
needle is attached. The needle is clamped into the 
lower end of a metal lever, having 
its fulcrum near to the needle 
end; while the other end of the 
lever is attached to the centre of 
a circular disc of thin mica, 
mounted between two solid rings 
of rubber, which 

(^) prevent it from rattling, 

{hi) damp its vibrations, 
and {iii) allow it to move freely. 

The vibrations of the mica 
disc are faithfully reproduced by 
the stylus, which cuts a sinuous 
curve on the mother-record. Fig. 13 (ft) 

The Reproducer, In the reproducer, the reverse 
process to that of the 
recorder takes place. 

Hero the movements of 
the needle are convert- 
ed into the vibrations 
of the disc of the sound- 
ing hox^ which is just 
similar to the recording 
box described above, 
with this difference that 
a rounded stylus is 
used, instead of a sharp 
needle. The sounding 
box has a tube opposite Fia. 13 (c) 

to the diaphragm. 

This tube is insertcMl in the end of a pivoted conical 






404 


SOUND 


tube called the tone--arm and this terminates into the 
base of the horn. 

The machine requires some energy to make it go 
and this energy is supplied by winding up the clock 
spring in the base of the instrument. In uncoiling 
itself the spring turns the cylinder which conveys 
this motion to a large wheel B, By means of the pinion 
motion, this revolves the turn-table to give neces- 
sary motion to the record. As the record turns round, 
the needle or the stylus fits into the groove on the record 
and is guided by this groove from the edge of the re- 
cord towards its centre. At the same time it reproduces 
in the diaphragm vibrations, which are recorded on the 
record. 

It is very important that the angular velocity of 
the turn-table, both in making the record and in repro- 
ducing it, shall be perfectly uniform; otherwise the pitch 
will vary. The linear velocity will change as the dia- 
meter of the spiral. In order that the needle may 
follow the groove easily, it is essential that it (the 
needle) should always lie in a plane tangential to the 
groove. 

The following defects are noticed in the repro- 
duced sound: — 

1. A scratching noise is heard specially in the 
more delicate form of instruments. 

2. Due to the metallic horn, an unpleasant nasal 
sound is heard. 

3. Some of the consonants are not reproduced 
at all. 

4. The voice of the singer, singing with musical 
instruments, is merged in that of the instruments. 

198. Concord and Discord. When two notes are 
sounded together and produce a pleasing eflFect, they 
are said to be in concord or in consonance ; if however, 
they produce a displeasing sensation, they are said to 
be in Discord or in Dissonance. 

Helmholtz has shown that if the frequencies of the 
two notes bear a simple ratio to each other, concord 
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will be the result ; and if they do not bear a sim 2 )le ratio, 
discord will be the result. Helmholtz has further 
shown that concord can only be the result, if some of 
the near harmonics of the two notes are common. 

SUMMARY 

1. Music. When sound is produced by the vibrations 
of a body having a definite period, it is called mtisic and if 
the vibrating body has no definite period, the sound produced 
is called noise. 

2. The three characteristics of a musical sound are 
(^) Intensity or loudness^ (ii) Fitch or frequency and 
{Hi) Quality or Timbre 

3. There are six methods of measuring frequency: — 
{i) Chronograph, {ii) Savart’s toothed- wheel, {in) Siien, 
{iv) Monochord, {v) Beats and {vi} Resonance of an an -column. 

4. Beats. When two notes of slightly different fre- 
quencies are sounded together, the intensity of the resul- 
tant sound increases sometimes but at other times it de- 
creases; these variations in intensity are known as Beats. 
The number of beats heard per sec. is equal to the difference 
in the frequencies of the two notes. 

5. Diatonic Scale is a set of musical notes between the 
fundamental and its octave, universally employed to keep 
company with human voice. The number of notes including 
the fundamental and its octave is 8. 

6. The ratio of the frequency of a note in a scale to 
that of the one just preceding it, is called an interval. There 
are three chief intervals known as the major tone, the minor- 
tone and the lemi-tone. 

7. In order that the scale may be used with any note 
as the key, a tempered scale is used, which has 18 notes 
including the key-note and its octave. The interval is the 

same throughout and is equal to 2^^ or 1*06. 

8 . When two notes sounded together produce a 
pleasing sensation, concord is said to be the result and if 
they produce a displeasing sensation, dUcord is said to 
be the result. 

EXAMPLES 

1. Two tuning-forks produce 30 beats m 6 seconds. 
The frequency of one is 256, when the other is loaded 
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With a little wax, the beats are reduced to 20 in 5 seconds. 
Find the frequency of the second fork. 

2. Build up a scale of frequencies of the notes in the 
diatonic scale, on the key-note 256. 

3. Explain why the velocity of sound in air increases 
with the temperature, but is independent of the pressure. 

The velocity of sound in air at 14^0. is 340 metres per 
sec. What will it be, when the pressure of the gas is doubled, 
and its temperature raised to 157'5°0 ? (P. U. 1928). 

4. You are given a glass rod of 70 cms. length ; how 
will you find the velocity of sound m it? 

Calculate the velocity of sound in a gas in which two 
waves of lengths 100 and 101 centimetres produce 20 beats 
m 6 secs. (P. U. 1928). 



CHAPTER V 

RESONANCE AND VIBRATION OF COLUMNS 
OF AIR 

199. Forced Vibrations. Whenever a periodic force 
is applied to a body capable of vibration, it be- 
gins to vibrate iii the same period as that of the 
applied force. Such vibrations are known as forced 
vibrations. 

Experiment. Suspend four simple pendulums and 

t> from a stretched India-rubber tubing. 

A and B are pendulums of the same length, 

Z> IS a pendulum of length sli-ghtly shorter 
than A, while C has a slightly longer 
length. Set A (which has a rather heavy 
bob) into vibration. Notice that B is 
quickly set into vibrations and soon acquires 
the same amplitude as A has. 

Pendulums D and C swing through 
Small arcs and come again to rest. They Pig. 14 
repeat this process several times ; but ultimatelj’^ the pendu- 
lums begin to vibrate m the same period as that of A, with 
this difference however, that JD will he in the same 
as Ay lohile the phase of C will be opposite to that of A. 

The explanation of the above is that the vibrating 
pendulum A gives periodic pushes to the stretched 
rubber-tubing, at its point of attachment. The latter 
transfers the same to the other pendulums, which in 
turn begin to vibrate as described above. Similarly it 
is due to the forced vibrations of the wood that a 
vibrating tuning-fork gives more intense sound, when 
held over a table, than when held in the hand. In 
the latter case it does not give energy quickly to 
the air, while in the former case, when it is held over 

407 
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the table, it sets same into forced vibrations, which 
having a large surface-area, gives out energy quickly 
and increases the intensity of the emitted sound. 

200. Resonance. When the period of vibration of 
two bodies is the same and one of them is set into 
vibration ; the other body begins to vibrate quickly in 
sympathy with the first, this i)heiiomenon is spoken 
of as Resonance., In the previous experiment of pen- 
dulums, the vibrations of B furnish an example of 
resonance. 

Resonance, in fact, is a particular case of forced 
vibrations, the essential condiiion being equal periodi- 
city of the two mhratiny systems. 

Experiment. Take two taning-forks of exactly the same 
frequency and hold tliem on a sounding-board. Set one into 
Vibration by bowing it and alter a little while, touch it 
to damp its vibrations; hold your ear near the other tuning- 
fork and notice that it is vibrating This is a case of 
resonance. 

201. Longitudinal vibrations or columns or air: — 

(i) It should be noted that whenever reflection 
takes place from the surface of a denser medium, there 
is no change of type of the incident and the reflected 
waves, i.e. a compression is reflected as a compression 
and a rarefaction is reflected as a rarefaction. When 
however, reflection takes place from the surface of a 
rarer medium, the incident wave is of a different type 
to that of the reflected wave, i.e. a compression is 
reflected as a rarefaction and a rarefaction as a com- 
pression. 

{ii) The open end of a pipe is always an Antinode, 
while the closed end is a Node. 

{iii) Nodes and Aritiiiodes must alternate. 

\iv) The distance between a Node and the next 
Antinode is a quarter of a wave-length. 

Experiment. Take an apparatus as shown in fig. 15. 
Hold a vibrating tuning-fork T over the open end of the 
tube and adjust the level of the liquid, till the air 
in the tube begins to resound in sympathy with the 
tuning-fork. The reason why the column of air begins 
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to resound is that, as the prong of the tuniiig-fork moves 
from & to a, a compression is sent down the tube, which 
is reflected back as a compression 
from the closed end B When this 
compression reaches the open end .4, 
it is again reflected downwards, not 
as a compression but as a rarefac- 
tion'^ and if at that time the prong has 
reached the extreme downward posi- 
tion a and is on the point of moving 
upwards to 6, the prong also sends a 
rarefaction downwards. Thus the 
two trams of rarefaction augment 
each other. 

This augmented rarefaction 
travels down and is reflected 
back as a rarcfac.tion. When this 
rarefaction reaches the open end, 
the prong reaches the position b 
and is on the point of moving 
downwards to send a compression. 

The compression due to the reflec- 
tion of the rarefaction from the 
open end thus coincides with the compression of the 
fork. The motion of the fork and of the air in the 
pipe thus synchronize and resonance is produced. 

It is clear that resonance can only occur, if the 
time taken by the pulse to travel twice the length of 
the tube is equal to half the period of vibration of the 
fork, i,e, the wave-length of the note emitted by the 
tuning-fork is four times the length of the air-columii. 
i.e. A=:4/ 

But K=wA or F=/2.4.Z 

End-Correction. In actual practice, it is observed 
that the column of air extends a little beyond the open 
end and to obtain the true length L, a distance equal 
to 0(1 tunes the ladius r of the tube is added to the 
observed length /, 

i.e. Lr=il+'%r 

From the above result, if the frequency of the 


b 

-0 
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fork be known, V the velocity of sound becomes known. 
Conversely if the velocity of sound is known, the fre- 
quency of the fork becomes known. 

The end-correction is eliminated by finding a 
second length of the tube AC, which resounds to the 
fork. This length will be nearly three times the first 
length; because resonance in the latter case can take 
place, only when the pulse first started, reaches the 
open end after the fork has made IV2 vibration, instead 
of Vs vibration. The difference £0 (Fig. 15) between 
the first length Ij and the second length ^2 is equal to 
half the wave-length, 

i.e. 


and F=wX=w. 2(Z2 — ^i) 

202. Overtones in closed Pipes. Bearing in mind 
the points noted in the last article, it is 
obvious that the possible modes of vibra- 
tion of a column of air in a closed pipe 
are as shown in figs. 16. (1, 2 and 3) 

In fig. 16 (1) the pipe is giving its I I ||g 
fundamental \ I I 

and Z= — 7- 


.*. the frequency of the note emitted 
V V 

will be ni= 

The second possible mode of vib- 
ration is that shown in fig. 16 (2) ; the 
column may vibrate in three parts, an 
intermediate node and antinode being 
formed ; 

andZ=“-T“X or X=: 


X 


lAi 

N 


N 


Fig. 16 


4 rt 'Jt. g 

the frequency of the note emitted will be 

Q 

n2=-4f =3 mi 
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The third possible mode of vibration is that shown 
in fig. lb (3j ; the column may vibrate in five parts, 
there being two intermediate nodes and antinodes ; 

l=-j- A or A=-^ 
the frequency will be 

V oV ^ 

n,= — =-^Y =5«i 

It is obvious that in a closed pipe, the possible 
harmonics are odd, i.e. having frequencies, three, live 
times etc. of the fundamental. The even harmonics 
are missing and therefore the sound produced is not of 
rich (|uality. 

202. (a) Overtones in open Pipes. The possible 

modes of vibration of an open pipe are a A a 
shown in Figs. 17 (1, 2 and 3). In A A 
fig. 17 (1) the pipe is giving its fundamen- ‘ 
tal and the length of the pipe is given by N ^ 

/=_^-orA=2^. A 


The possible 


The frequency of the note emitted 


will beni=-^^^ . 

The second possible mode of vib- 
ration is that shown in fig. 17 (2), the 
length of the pipe is given by 

The frequency of the note will be 


2 2 

Fjg. 17 


V V 2V ^ 

”2- X “ I ~ 21 

The third possible mode of vibration is that shown 
in fig. 17 (3), the length of the pipe is given by 

I— A or A=--^ 
and the frequency of the note will be 
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F 3F „ 

X = 

In the open pipes, all the harmonics are present 
and therefore the sound is of rich quality. 

203. Organ Pipes. An organ pipe is a wind- 
instrument. It consists of a tube, 
which IS always long as compared with 
its diameter. One end of the tube is 
provided with a mouth-piece to cause 
the air to enter in an intermittent 
manner, while the other end is closed 
or open. 

There are two kinds of organ- 
pipes : (^) The flute pipe and {ii) The 
reed pipe. 

In the flute pipe Fig. 18, the air 
enters at A, issues from a narrow slit 
impinges against the thin lip L 
and thus sets it into vibrations. The 
vibrations of the lip, which synchronize 
with the period of the pipe, are taken 
up by it and resonance is produced. If 
the wind enters A with great force, 
harmonics may be produced. 

{ii) The reed pipe. A reed is a flexible strip of 
metal, which covers wholly or partly the aperture 
through which the air passes to the pipe. 

Fig 19 shows a reed pipe; when air is blown 
through the wind-channel, the reed is set into vibra- 
tions, which cause the air-column to resound. 

204. Longitudinal vibrations of rods. Clamp a 
metallic rod in the middle and stroke it with a resined 
piece of flannel. It will begin to vibrate. The clamp- 
ed middle-point acts as a node and the free ends 
as antinodes. Thus the frequency of the note will be 

V 

n= — ^ , where I is the length of the rod, and 
V the velocity of sound in it. 



Fia. 18. Fig. 19 
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But F= Y -““(Newton’s formula) 

1 . 

Thixsn^r^jfY jY 

SUMMARY 

1. Whenever periodic force is applied to a body capa- 
ble of vibration and the body begins to vibrate in the 
same period as that of the applied force, the vibrations are 

known as forced vibrations. . 

2. If two vibrating bodies have the same peiiod ana 
when one of them is set swinging, the other also begins to 
vibrate; this phenomenon is called retonance. 

3. The harmonica produced m the case of closed pipes 
are odd, while in the case of open pipes all the harmonics 
are present ; and thus an open pipe is more musical than a 

closed one. ^ ^ j u 

4 . The frequency of a rod vibrating longitudinally is 

given by *1 = ™ 

EXAMPLES 

1. A tuning-folk of frequency 25G resounds in sym- 
pathy with a closed tube, calculate the length of the latter. 
(r?==H2() ft pel second) 

2 If the length of a closed pipe, which resounds with 
a fork of frequency 1500, be 16 crns. at N.T.P.\ find the 
length of the open pipe, which will vibrate with a frequen- 
cy of 1500 at 570^^ and at the same pressure, 

3. A tuning-foik is held over a tall glass-cylinder 
into which water is gradually poured, until maximum re- 
sonance IS produced and the length is then found to be 
64 Hems, What IS the frequency of the fork? (t;=330 

metres per sec.) t i 

4. A closed tube 15 crns. long resounds, when full of 
oxygen, to a given fork. Give the length of an open tube, 
full of hydrogen, which will resound to the same fork. 

5. The disc of a siren possesses 32 holes and makes 
720 revolutions per minute. Find the length of the closed 
organ pipe, which will resound when emitting its fundamental. 

EXAMINATION QUESTIONS IX 
1. Define: — Pitch, wave-length, wave-front, phase, 
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amplitude, period of vibration, octave, harmonics, beats, 
node, antmode, consonance, dissonance, longitudinal and 
transverse waves. 

2. Describe experiments to show that sound takes 
time to travel distances. What is Newton's formula for 
the velocity of longitudinal waves? State clearly Laplace^s 
correction to the same, when sound is travelling through 
gases. 

3. Describe a sonometer and explain the laws of vib- 
rating strings. 

4. What are the three characteristics of musical 
sound, and on what do they depend ? What is a diatonic 
scale and what do you understand by temperament ? 

5. Give in detail the various methods of finding the 
pitch of a note. State how the pitch of a note emitted by a 
vibrating column of air is affected by variations of tempera- 
ture, pressure and density of an. 

6. What IS forced vibration ^ Descnbe harmonics 
developed in closed and open pipes. Show how it is possi- 
ble to find the velocity of sound by a closed pipe. 

7. What are polysyllabic echoes ? At what distance 
must an obstacle be situated, so that three syllables be clearly 
heard ? 

8. Prove that t;=nA. Find the density of a wire 
5 sq. mms m area of cross-section, 100 cms. long, stretched 
by a 20 kilograms weight, which gives 6 beats with a tuning- 
fork of 256 frequency and 2 beats when the fork is loaded 
with a little wax. 



STATICAL ELECTRICITY 

CHAPTER 1 

FUNDAMENTAL PHENOMENA 

205, Introductory. As far back as 600 B.C., it 

was known to the Greeks, that when amber was 
rubbed with wool, it acquired the property of attract- 
ing light bodies towaids itself. In 1600 A. D. 
however, Dr. Gilbert Physician to Queen Elizabeth, 
showed that the property of attracting light bodies, 
was not possessed by amber alone, but by some other 
substances as well, such as ebonite, glass, resin etc. 
These substances were called electrics by him, alter the 
Greek name electron for Amber; and a body is said 
to be electrified or charged with electricity^ when it 
acquires the property of attracting small bodies to- 
wards itself. 

206. Attraction of objects by electrified bodies. 

All bodies which are not charged with electricity, are 
attracted by electrified objects. 

(a) Rub a glass rod with silk and hold it over 
small pieces of paper. Notice that they are attracted 
towards the rod. 




(b) Take a metre rod and place it on a smooth 
inverted china-clay dish with spherical bottom. Hold 

415 
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a charged ebonite rod near one end of the metre rod, 
the latter would rotate so as to approach the former. 
Instead of placing the rod on the disc, it may be 
suspended in a stiriup. 

207. Two kinds of Electricity. Rub an ebonite 
rod with dry 
flannel and sus- 
pend it in a stir- 
rup, made of silk 
thread. Rub an- 
other ebonite rod 
with flannel and 
bring it near the 
electrified end of 
the suspended 
rod. It IS repel- 
led. Now rub a 
glass rod with 
Silk and bring it 
similarly near Fm. 3 

the electrified end of the ebonite rod It is attracted. 
Repeat the experiment by placing a glass rod rubbed 
with silk m the stirrup, it is seen, that now the glass 
rod is repelled by a glass rod, while it is attracted by an 
ebonite rod. If we take a rod of any other substance 
on which electricity may be developed, it will repel 
one and attract the other; thus its electricity will 
resemble either that of glass or that of ebonite. From 
this expeiiment we conclude, that two and only two 
distinct kinds of electricity are produced, one by rubbing 
ebonite rod with flannel and the second by rubbing glass 
rod with silk.*** Electricity in<luced on ebonite rod, hap- 
pens to be known as negative and the one produced on 
glass rod, when it is rubbed with silk, is known as 
positive. 

208. Laws of Electric Attraction or Repulsion 

The above experiment also shows that : — 

(t) Negative electricity repels Negative. 

* Great care should be taken in u.sing glass rods, for without any 
evident reason, the glass will sometimes become negatively charged 
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(ii) Negative electricity attracts Positive. 

(ih) Positive e'lectricity repels Positive. 

(w) Positive electricity attracts Negative, 
or briefly we can say that like kinds of electricitij rejjel 
each other ^ irhile dissimilar kinds of electricitij attract 
each other. This statement is known as the first law 
of electrostatics. 

The above experiment can be shown conveniently 
by a pith-ball pendulum, which consists 
of a pith-ball suspended by a silk fibre from 
glass rod, by bringing an excited ebonite rod 
near the pith-ball. It is attracted at first ; 
but after coming in contact with the rod, 
it is repelled ; and is again attracted by a 
glass rod, which has been rubbed with dry 
silk. The explanation is the same as given 
above. When the ebonite rod is first pre- 
sented to the pith-ball, it is attracted, because 
it is neutral; but when it comes in contact 
with the charged rod, it shares its charge Fio. 4 
and ac(|uires a charge of the same kind as that on 
the rod and is therefore repelled. It is attracted when 
an electrified glass rod is presented, on account of the 
opposite kind of electricity, residing on it. 

209. Conductors and Insulators. (A) Take a rod 
of brass and rub it ([uickly with dry silk, the rod shows 
no sign of* electrification. Hold this rod firmly into 
a glass tube and repeat the process while holding the 
glass end in hand ; now the brass rod at once acquires 
the property of attracting light bodies towards itself. 
The explanation is, that the brass rod acquires electric 
charge by rubbing, in both the cases. In the first 
case, the rod being in contact with the hand, allows 
the charge to flow; while in the second case, it is m 
contact with glass, which does not give any passage 
to electricity to flow. (Jlass is known as an Insulator,, 
while brass and hand are called conductors. The terms 
are of course relative, because in Nature there is neither 
a perfect conductor nor a perfect insulator. 
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(B) Substances like metals which allow a free 
passage to the flow of electricity are called conductors*^ 
while those, which do not allow electricity to flow 
from one point to another, are called Insulators. 

The following is a list of Conductors : — 

1, Silver. 

2. Copper. 

B. Aluminium. 

4. Other metals. 

5. Acids. 

6. Human body. 

The following is a list of good Insulators : — 

1. Fused Quartz. 

2. Dry air. 

B. Dry glass. 

4. Paraffin. 

5. Shellac. 

(). Sulphur. 

7. AVool. 

8. Oils. 

Cotton, wool, paper, wood, stone, etc. are partial 
conductors. It is a noteworthy fact, that moist air and 
air at a sufficiently high temperature are good conduc- 
tors ; hence an ebonite rod can be discharged, by pass- 
ing it through a Bunsen^s flame. 

210. Conduction. Charge an ebonite rod and 
bring it in thorough contact with an insulated con- 
ductor. Bring the conductor near to a pith-ball pen- 
dulum, see that it is attracted, which shows that the 
conductor has acquired a charge. This method of 
imparting electricity by actual contact of the two bodies 
is known as Conduction. 

211. Electroscopes.— Any appliance, by means of 
which it is possible to detect small charges of electri- 
city, is known as an electroscope. 

A pith-ball pendulum, such as that described above, 
may be used as an electroscope; but the more usual 
form of the instrument is the Gold-leaf electroscope, a 
simple form of which is shown in fig. 6. 
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It consists essentially of two rectangular strips 
of thin gold leaf, attached by 
their upper ends to the end of a 
brass rod, which passes through 
the neck ot a glass bottle and 
carries a small circular brass 
disc at its upper end. This 
disc is known as the cap. The 
glass bottle protects the leaves 
from draught and insulates the 
metallic rod. To ensure perfect 
insulation, thecork and the outer 
and the inner surfaces of the 
neck of the glass bottle are 
varnished with shellac or para- 
ffin-wax. The interior is kept 
dry by calcium chloride, soaked 
in sulphuric acid, which is con- 
tained in a small vessel. The 
sides of the case are generally Fio. 5 

lined on the inside with strips of metal, which are 
connected to the earth. 

I. These strips prevent the loaves from being 
broken by coming in contact Avitli the sides of the vessel. 

II. They do not allow the leaves to diverge 
too much. 

III. Leaves induce electricity of opposite kind on 
these strips and thus make the instrument very sensItl^ e. 

The principle of action of the instrument depends 
upon the fundamental piinciple, that same kinds of ' 
electricity repel while dissimilar kinds of electricity 
attract each other. Thus if a charge be given to the 
disc, it communicates a portion to the gold leaves 
which become similarly charged. They then repel each 
other and diverge. 

The magnitude of the divergence would be ronghl3r 
equal to the amount of the charge on the leaves. 

Experiment. Oharf?e the gold-leaf electroscope by 
touching the upper plate with an excited ebonite rod. 
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The electroscope will become negatively charged. If 
another negatively-charged rod is now brought near the 
disc of the electroscope, the leaves will diverge still further. 
If however, a positively-charged body is brought near the 
cap, the leaves will collapse. Thus if the electioscope is 
charged negatively, an increase iiJ the divergence of the 
leaves shows the presence of a negative chaige. if it is 
positively charged, inci eased divergence shows tliepiesence 
of a positive charge. 

A collapse of the leaves indicates the presence of 
a charge of opposite sign to that on the electroscope; 
hut it IS not a conclusive proof] for the leaves would 
collapse, even if an earth-connected coiiductoi be held 
near to the cap of a charged electroscope. Thus we 
deduce the following rules from the above obser- 
vations: — 

(i) Divergence is increased by a similar neighbour* 
ing charge. 

{ii) Leaves collapse by a neighbouring dissimilar 
charge or by an earth-connected conductor. Thus diver- 
gence is the only sure test of the sign of a charge. 

Caution.-^ The leaves diverge only ichen a poten^ 
hal difference exists betiveeii them and the tinfoil strips. 
Place the electroscope on an insulating stand and 
connect the disc to the tinfoil strips by means of a 
thin wire. Hold a strongly charged body near to the 
disc and note that the leaves do not diverge. 

Further experiments readily indicate that the greater 
the potential difference between the leaves and the case^ 
the greater is the divergence of the leaves. Generally, the 
case of the instrument is earth-connected (and therefore 
at zero potential), so that the actual potential of the 
leaves will be the potential difference between the 
leaves and the case. 

When a body is highly charged or is too big to 
be brought near the gold-leaf electroscope, with con- 
venience, use is made of an instrument known as 
the Proof-plane^ for detecting the charge of that body. 
The instrument consists of a conducting metal-disc^ 


See Chapter II, P. 424. 
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inounted on an tnsulafmg handle. The disc^ when it 
IS placed in contact with an electrified body, shares 
some of its charge and the proot-plane is then brought 
near the electroscope and the sign of the charge deter- 
mined 111 the usual way. This will be the sign of the 
charge on the electrified body. 

212. Law of electrical force and Unit of charge. 
The force of attraction between two oppositely charged 
bodies or the force ot rejnilsi07i between two similarly 
charged bodies depends upon three factors : (^) upon the 
quantity of electiicity with which each of the two bodies 
IS charged^ {li) upon the distance beticeen the bodies and 
{ill) upon the nature of the intervening medium, 

Su()pose tW’o small positively-charged bodies are 
separated by a definite distance; 
then if the charge on one be 
doubled, the force of repulsion 
would also be doubled. Simi- 
larly if the charge on the 
other be doubled, the force 
would again bo doubled : 
e. e, by doubling the charge on 
each of the two bodies, the 
force is increased four times 
and this is expressed by saying 
that the force exerted varies as 
the product of the charges. 

It IS found by experi- Fin. b 

ment, that if the distanci' betwi^en two eliarg(*d bodies 
be doubled, the force is reduced to one-quarter : that 
isj the force exerted between two charged bodi(\s varies 
inversely as the square of the distance between them. 
These statements are known as the Second law of 
Electrostatics and may be defined thus : — The force of 
attraction or repulsiofi between two charged bodies varies 
directly as the product of the Uto charges and inversely as 
the square of the distance between them. 

From experiments, it can be proved that the above 
two laws hold good for all media ; but the magnitude 
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of the force varies with the nature of the moclium. 

Thus, if two bodies and B liave charges eciiial to 
q and and are d cms. apart; then the force exerted 


between them would 
be given by the equa- 
tion 

£7' f=33Lx t 


where K 


a 


B 


"O 


Pifi. 7 


q' 


IS a constant 

depeinling upon tho nature of the intervening mediunn 
For air, the value of K is sujiposed to bo unity and 
therefore the above cipiation reiluces to: — 

. And if q=q', we have /= ^ 




d^ 


Moreover, if tin' bodies are one cm. apart and the 
force / ei]:Ual to I dyne, we have </=! : or tlie Unit 
quantity of electricity in that qiuinfih/, ir/inh when 
•placed in air at a unit distance from a similar and equal 
quantiffi, would repel it it ifh a force of one dyne 

213 Electric field. Suppose there i.s a charged 
conductor A and it a body B, which is siinilatly cliarged, 
be brought near it, tho force of repulsion would be 
perceptible; then the wliole spiiee surrounding a charged 
body, in which these electrical forces are perceptible 
is called a field of force and the intensity of the field at 
any point is the force, on a unit positwe tharye, when 
placed at that point. 

Thus if the intfuisity of a held be denoted by I 
then the force F acting on a charge q when placed 
there, would be ql dynes. 

The held at a given point is said to be of unit 
strength, if a unit charye placed at that point e.rperiences 
a force equal to one dyne, due to the field. 


SUMMARY 


1. A body 13 said to be electrihed, when it attracts 
small particles towards itself. 

2. There are two kinds of electricity: (i) Potltive and 
(it) Negative. 
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3 . Like kinds of electricity repel, while dissimilar 
kinds attract each other. 

4 . Bodies which allow electricity to flow from one 
point to the other are known as conductors, while those which 
do not allow electricity to flow from one point to the other 
are called Insulators. 

5 . Conduction is the process of charging a conductor 
by bunging it m actual contact with some electrified body. 

6. Gold-leaf electroscope is an instrument for detecU 
ing charges of electricits^ 

7 . The force of attraction or repulsion varies directly 
as the product of the charges and inversely as the square of 
the distance between their centres. 

8. Unit Charge is that, which when placed in air at a 
unit distance from an equal and similar charge, would repel 
it with a force of one dyne. 

9. Space around a charged body is called a Field of 
Force. 

10 . The force acting on a unit positive charge at any 
point IS called the intensity at that point. 

EXAMPLES 

1. What are the laws of electrostatic attraction and 
repulsion^ 

2. What do you understand by an insulator, a conduc- 
tor, unit charge and intensity^ 

3. Describe the use and construction of a gold-leaf 
electroscope. 

4. A piece of soft iron will attract either end of a 
compass-needle and so will an electrified glass rod. What 
experiments would you make to show that the observed fact 
IS due to different causes in the two cases'^ 

(0.rf. Loc. June, ’04) 

5. Two small balls are charged with +12 and —4 
units of electiicity respectively. With what foice will they 
attract one another, when placed at a distance of 6 eras, ? 



CHAPTER II 

POTENTIAL 

Introductory. It* an insulated conductor J be 
positively charged and 

be then brought in ^ ® 

contact with jinother m- a b 

sulated conductor Fio. 8 

three conditions are possible (/) a portion of* A\s charge 
may be transferred to B, (u) a portion of 7i\s‘ charge 
may be transferred to J, or (in) there may be no trans- 
ference It can be easily shown that it is not necessarily 
the ball having tlie bigger charge, which parts with elec- 
tricity. dust as a red-hot needle, being at a higher tempe- 
rature, will give out heat to a beaker of water, although 
the quantity of heat in the latter is far greater tlian that 
in the needle, similarly a ball, having a smaller chaige, 
may give up electricity to one having a greater charge. 
The condition^ which determines the transference of 
charges between conductors^ is termed Electric Potential. 

214. Electric Potential. Next, let us suppose that 
in the field of a charged conductor yl, a body B liaving 
a unit positive charge were to be moved from ft to a\ 
it is evident that work must be done in so doing, against 
the electric force of repulsion. The measure of this 
work [in ergs)^ done in moving a unit positive charge from 
ft to a, is spoken of as the difference of potential between 
a and ft, due to the charge on A, The potentials of 
two points differ by unity when one erg of work is done 
111 transferring unit quantity of electricity from 
one point to the other. Now suppose the point ft were 
at an infinite distance from the charged conductor. 
Then the total work done in moving a unit positive charge 
from an infinite distance to the point cq is called the 
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potential or the absolute potential at the point a ; while 
the difference of potential between two points is defined 
as the work done in moving a unit-|-?;e charge from one 
point to the other. 

Just as difference of temperature is a necessary 
condition for the flow of heat, or difference of liquid- 
level, a necessary condition for the flow of liquid ; 
so a diflerence of potential is a necessary condition for 
the flow of electricity; i.e electricity will not flow 
from one place to another at the same potential, no 
matter what the charges may be. Thus it two bodies 
A and B which are at different potentials be brought 
in contact with each other, electricity flows from a 
body at a higher potential to that at a lower potential, 
until potential equilibrium is reached. 

It may be noted here, that for all purposes earth is 
assumed to be at %ero potential. Thi^ is because the 
size of the earth is so great, that the charges with which 
we are concerned, cannot produce any appreciable 
electrical change in it. Mathematically it can be shown, 
that the potential at a distance r from a body having 

q units of charge is - , 
r 


To prove this, let ns suppose that the body .,1 has 
B Bi B, B3 B4 B5 


e 


oq 


Fio. 9 

q units of charge and that a body having a unit + re 
charge is situated at B, at a distance r from ^1. Join AB 
and produce it to infinity, mark out small equal distanc es 
Bi, B-Zi ^' 3 ) Ptc. from B and let their distances from A be 
denoted by ri, I’z, rj, etc. Then the force of repulsion at 

B would be L-— and at Bi, ^ The mean force in the 
H ri2 

small space between B and Bi would be the arithmetic 
mean of ^ ^aiid but if B and Bi are very 

I- 1 1- ^ 
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near together, then the difference between the arith- 
metic and the geometric means would be negligib- 
ly small. Hence instead of the arithmetic mean, 
we can take the geometric mean for the sake of con- 
venience and the geometric mean of the above two 

quantities = ^ . This is the proper value of the 

r^r 

force acting between B and JBi. 

Now if a unit + w charge is moved from to 
the work done is equal to the force multiplied by the dis- 
tance through which it is moved. Hence the work done 
in moving a unit + w charge from B\ to B is equal to 

^L(n-,o= 1-4- 

Ti X r T n 

Similarly the work done in moving a unit +ve 
charge from B^io Bi would be 

)=i-4- 

1*2 X ^’1 r\ 1*2 


and so on 

and finally from oo to oo— 1, it would be 

q ( "I q q 

rooXroo-i ^oo-ij 

By adding all these quantities, we get the work done 
*The average force between B and Bi would be 

2 (7-^ r^^ 2 I nV i 2 f rjV i ’ 

Suppose the distance between B and Bj=5^j where 5^ is 
very small, then ri=7^+^. 

Substituting this value of rj in the above equation, we have 

Q \ (/* -f- 4- I ^ V 4- y -h 2rS^ + j 

2 ) ( 2 / ( 


magnitude as compared with 7\ 


2' . 

nV \ 


2r‘ + 2rS^ 

2 I 

riV* 

1 

= Q 

1 1 


rri 


, dividing both by r. 
for r+5^ = n. 
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in moving a unit + charge from infinity to the point B. Its 
value is clearly= X, because =0. 

f 00 r 00 

Hence the potential at any point duo to a charge 
of q units = ~ . 

From this it is evident, that the potential varies 
directly as the charge and inversely as the distance. 

Caution. The amount of icork done is independent 
of the path along tchich a charge is moved. 

For let A and B represent two points, the potentials 
of which are K and respectively. 

Suppose that a unit charge is • 
conveyed from B to A along the 
path a and W ergs of work are done 
during the transference; and that Fig. 10 
{W+io) ergs of work are done, if the path taken were 
along b. Hence if the charge traverses the path 6, and 
is conveyed back to B along the path a; then (lF+?r) 
ergs are done by the electric forces and W ergs are 
done against the electric forces. Thus the charge re- 
turns to B with an increase of energy, represented by 
w ergs ; but we see that no permanent change has 
taken place. This is contrary to the principle of con- 
servation of energy. Hence the work done must be 
the same and independent of the path traversed. 

Free and Induced Potential. Consider an isolated 
positively charged conductor in the middle of a big- 
room. The conductor is at positive potential: and 
since this is duo to its own charge, it is spoken of as 
free potential. Similarly a negatively charged con- 
ductor, when no other charge is near it, is at free nega- 
tive potential due to its own negative charge. 

Next consider an uncharged metal knob (fig. 11), 
■Coined by a wire to the disc of an electroscope. The 
leaves do not diverge; since the knob, the disc, the leaves 
and the case are all at zero potential. Now bring a 
charged conductor C near to the knob. It is seen that 
the leaves diverge more and more as the charged con- 
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ductor approaches the knob. Thus the knob, though 
possessing no charge, yet it acquires a potential due to 
the presence of the charged conductor. Such a poten- 
tial IS spoken of as an induced potential and is always 
due to the inductive influence of the charged body. It 
should be carefully noted that the induced potential is 
always of the same kind as the potential of the inducing 
charge. Thus if the conductor is positively charged ; 
the induced potential of the knob must also be positive, 
though it has no charge. If the knob be earthed, its 
potential becomes zero; but it acquires a negative charge. 
If the conductor be negatively charged, the knob ac- 
quires a negative potential without having any charge. 
When the knob is earthed, its potential becomes zero ; 
but it acquires a positive charge. 

21S. Potential gradient. — The expression -2^ for 

r 

potential shows, that the potential goes on decreasing 
as the distance continues to increase ; and if a graph be 
drawn showing the relation between the potential and 
the distance, we would get an idea as to how the po- 
tential falls per unit length. This is called the potential 
gradient. This tall of potential can be easily shown with 
the help of a charged conductor and an electroscope 
placed at a great distance. A thin long wire is attached 



at one end to the electroscope. At the other, it ends in 
a very small knob, which is held by a vulcanite stand, 
and is moved away from the charged conductor to the 
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electroscope. It is seen that the divergence of the leaves 
goes on decreasing, showing that potential decreases as 
the distance of the knob increases from the charged 
conductor. The rate at which the potential diminishes 
per unit distance, is equal to the intensity; and if the 
rate of fall of potential in any field bo uniform, then 
the intensity must also be uniform at all points. 

216. Energy of electrification. Every charged 
body is capable of attracting other bodies, or that it is 
capable of doing work ; electrification therefore must 
necessarily consist in the gain of energy, but electricity 
by itself, whatever its nature, is not energy. 

Mechanical woik, spent in friction, is not converted 
into energy of electrilication ; but whenever electricity 
is produced, both kinds are generated in eijual quanti- 
ties. The rubber and the object rubbed attract each 
other; and the tvork^ that has to be done in separating 
these tico^ appears as the energy of electrification. 

Experiment. Take a flannel cap, which fits exactly an 
ebonite rod. Hub the two tojjetlier and brinj; them both 
near the gold-leaf electroscope. Notice there is no diverg- 
ence. Now separate the two and bring each in tarn near 
the disc of the gold-leaf electroscope Notice the divergence 
of the leaves, which is to the same extent in both the cases 
This shows that eipial quantities of both kinds of electricity 
are produced siiuultaiieously. 

SUMMARY 

1. The Potential at any point is the work done in bring- 
ing a unit positive charge fioin infinity to that point. 

2. The potential at any point due to a charge (j is given 

by ^ , where r is the distance of that point from the 

r 

charged body. 

3. A curve showing the fall of potential with increase 
of distance is called a potential gradient. 

4 . The energy of a chained body is derived from the 
work done, in separating it from the rubber, which always 
becomes oppositely charged. 
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5. Earth is assumed to be at zero potential. 

EXAMPLES 

1. Explain what you do understand by potential. 

2. Wherefrom is the energy of a charged body 
derived? 

3. Prove that the potential at a iistance r from a 

charge Q equals—, 
r 



CHAPTER III 

THEORIES OF ELECTRICITY 

217. Theories of electrification. Up to this time, 
we have made no attempt to ascertain the nature of 
electrical phenomena; but various theories were pro- 
pounded at several stages of the development of this 
Science. The earliest attempt at theorising was that of 
Symmer. According to him, there are two electric 
fluids of opposite kinds, present in all substances; and a 
body becomes electrified, whenever one or the other of 
the two fluids is added or subtracted. The two fluids 
were supposed to be indestructible, perfectly weightless, 
self-repellent and mutually attractive. This theory has 
been called the two-fluids theonj. It is very easy to 
explain many of the well-established facts of Electro- 
statics by this theory. 

After this, in the year 1747, Benjamin Franklin 
suggested the one-fluid theory] according to which there 
is only one fluid called the positive. To him we owe the 
terms 2 )lus and minus or positive and negative. In this 
theory, matter takes the place of the negative fluid. The 
particles of matter and that of the fluid are supposed to 
be self-repellent and mutually attractive. According to 
this, a body becomes electrified, when it contains more 
or less than the normal amount of fluid. A body be- 
comes positively charged, if it contains more than the 
normal amount; and it is said to be negatively charged, 
when it contains less than the normal amount. The 
modern theory is the electron theory^ according to which 
there exist particles, much smaller than the Chemists’ 
atom; and these particles are always supposed to carry a 
definite amount of negative charge,i?i2.(4'7 X 10"’^®)C.G.S. 
units. Such particles have been termed electrons or 
corpuscles. These electrons are readily expelled from 
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matter by electrical forces. According to this theory, 
the transference of electricity consists in the move- 
ment ot negative elections, from a point where there 
IS a gam ot positive to where there is a gain of 
negative electricity. A positively-eliarged body is one, 
which has been deprived of some corpuscles; while a 
negatively charged body is supposed to have an excess 
of these. A glance over the one-fluid theory shows, 
how amazingly strong is the similarity between the 
two: if only the words positive and negative be inter- 
changed 111 Franklin’s theory. 

218 . Experiment. — Charge an insulated conductor ‘C ’ 
positively and bring ^ 

It near one end 4 ot A N B 

an insulated conduc- 
tor /IB, which IS ab- 
solutely uncharged 
before. Put a proof- 
plane at the end B of 
the coniluctor and 
then remove it and 
bring itnevxi the gold- 
leaf electroscope. 

The leaves diverge, 
showing that the 
proof-plane has ac- 
quired a charge. Fio 12 

Test the sign of the charge. See that it is positive. 

This phenomenon of electrification is known as 
Induction. An explanation of this can be given m 
Faraday’s language of stress and strain in the medium ; 
but as it IS difHeult for a beginner to follow it clearly, 
we will restrict ourselves to its explanation on the 
two-fluids’ theory. According to this, positive and nega- 
tive electricity exist beforehand; and the action of the 
positively-charged conductor C, consists simply in 
urging negative electricity towards the end A and 
positive electricity to the other. In the above case, 
negative electricity is attracted by the positive charge 
and hence it accumulates at the end A] while positive 
electricity is repelled and is found at the end B. 
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Further, we know thattliero is a ])osilivG charge 
on and that there will be a large positive potential in 
its neighbourhood, which goes on decreasing as we 
move away from (\ In the neighbourhood of A there 
will thus be a higher positive potential than in the 
neighbourhood of 7i. But all points on the surface of 
a conductor must bo at the same potential. This can 
be secured only by a negative charge at A and a posi- 
tive charge at 7^, lor the negative charge at A would 
tend to decrease the positive potential there and the 
positive charge on B would inciease the positive poten- 
tial at B, Thus the potential of the surface AB 
would become uniform, and we see that this explana- 
tion on the potential basis leads us to the very same 
conclusion that the -hve charge on 6^ attracts negative 
charge towards A and repels positive charge towaids B, 
Now m the last figure, it the point B be touched 
and then the positively-charged conductor C be re- 
moved, the conductor AB is found to be negatively 
charged The explanation is the same as given above, 
i.e, the positive charge on ‘(7’ attracts the negative and 
repels the positive, which on touching with the hand, is 
transferred to the earth and the negative charge re- 
mains at A, When removed, the negative charge 

distributes itself on the whole surface. Thus we see 
that when an insulated conductor is hold near a charged 
body, electrical separation results and a charge of dis- 
similar character is attracted by the charged body to 
the nearer portions of the insulated conductor, while a 
charge of similar character is rejielled to the more dis- 
tant portions. This phenomenou is termed as Induction. 

Hence by the process of induction, a body may be 
charged by the influence of a d.arged body without in 
any way aflecting or impairing the charge on the latter. 
In thifi procPft-% the charge is not shared but is brought 
into existence by electric separation^ without in any iray 
affecting the charge of the charged body, 

219. Induced and Free Potential. When a body 
is given a charge, its potential rises; such a poten- 
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tial is called free potential ^ as it is due to tlie charge on 
the body and is independent of its position in space. If 
however, a conductor is moved in a held of force due 
to an electric charge, then its potential cliangos as 
the strength of the field varies. The potential is in 
fact due to the presence of neighhoiuing chaiges, 
which act on the given conductor inductively. Sacha 
potential is called Induced Potential. 

Thus in fig. 12, when C is held near to AB^ its 
potential due to Induction becomes + re When B is 
touched with hand, its potential becomes zero. On re- 
moving the hand and then the charge C\ the potential 
of AB becomes — ve. Therefore we see that induced 
potential depends upon the position of other charges 
or conductors in its vicinity. 

To show that equal amounts of two kinds of 
electricity are produced by Induction. 

Experiment Put two insulated spheres A and in con- 
tact with each other and hold a 

positively-charged conductor C rear C A B 

A, Separate B from A and then le- 
move the conductor C, Bring B neai 
the gold-leaf electroscope and notice 
the divergence of the leaves. Re- 
move 15 and bring A neai the elec- Fig. 13 

troscope. The leaves diveige to the same extent again. 
Now connect A and /?, and bmuj them together near the 
gold-leaf electroscope. Notice there i.s no divergence. 

This proves conclusively that the induced charges 
are equal m magnitude and of opposite kinds. 

219. (a) To charge a gold-leaf electroscope by 

Induction. 

In the gold-leaf electroscope already described, 
we see that if a charged body be brought near it, the 
leaves begin to diverge, eren if] the charge be not 
communicated to it; and they again collapse, when the 
charged body is removed farther away. This is due to 
the Inductive action. The charged body bi'ings about 
separation of the two kinds of electricity in the disc 
of the gold-leaf electroscope. It attracts the dis-similar 




INDUCTION 


435 


kind and repels the same kind of electricity to the 
leaves, which diverge. If now the disc be touched 
with hand, tlie leaves collapse; because the free charge 
on the leaves flows to the earth. Remove the hand, 
the leav(‘s remain collapsed; because the charge of dis- 
similar kind IS kept bound on the disc by the charged 
body. Ittnnove the charged bo<ly; the leaves again 
diverge on account of the opposite kind of charge, 
which was present on the disc, but which now dis- 
tiibules lt^elF over the disc and the leaves. Thus the 
electlo^^(*ope becomes charged with opposite kind of 
electricity to that of the charged body, witliout wasting 
or in any way sharing the charge ot the body with the 
gold-leaf electroscope. 

220. To test the sign of the charge by a gold- 
leaf electroscope. 

Experiment (hiai^e the gold-leaf electrosco))e ))osi- 
tivelv and bung the cliaige, the sign of which is required, 
near the disc of the gold-leaf electioscope. If the leaves 
diveige inoie, then the chargers of the same sign as 
that on the electroscope, for only a posit fveJy-cfiarged 
hod)j 9 more electricity on leaves by induc- 

tion, /leuce the charge must be positive. If however, the 
leaves collapse, then the charge is either negative or the 
body IS not charged at all. Now charge the gold-leaf elec- 
troscoiio negatively and bring the charged body near its 
disc. If the leaves diveige more, then the second charge 
must he similar and thei elore the charge on the body should 
be negative , hut if the leaves collapse, then either the body 
i.s + yr/// chaiged or is neutral From this we conclude, that 
dlvenjence alone Is a sure test of the su/n of the charge, 

221. Charge resides always on the outer surface 
of a conductor, provided there is no insulated charge 
inside, 

Faraday’s Butterfly-net experiment. A conical net of lineil- 
gauze IS mounted on an insulated stand. A string of silk is 
attached to it, such that it can turn it inside out. The 
net IS chaiged, 11 the inside of the net be touched by 
a proof-plane and tested the proof-plane shows no sign of 
electrification. Now touch the proof-plane with the outer 
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surface of the net and test means of 
cope, the 

leaves diverge. 

This simple ex- 
periment shows 
that electricity 
remains on the 
outer surface. 

Now turn the 
net inside out 
and repeat test- 

mg with the proof-plane ; the charge is still 
on the outer surface, showing that the charge 


a gohi-leaf electros- 



found to he 
has changed 


surface. 

The phenomenon, that the charge resides on the 
outer surface of a 
conductor, was de- 
monstrated by 
Biot with the help 
of the instrument, 
shown in fig. 15. 

The insulated 
sphere is charged 
highly and the 
two metallic hemi- 
spheres with insu- 
lated handles are 
brought near it, so as to thoroughly envelop the sphere. 
These hemispheres touch the sphere at the lower point. 
Now remove the hemispheres and on testing with the 
gold-leaf electroscope, it is found that the sphere is 
totally deprived of the charge, which now accumulates 
on the hemispheres. The same phenomenon can be 
easily shown, by lowering a small charged sphere in a 
hollow insulated spherical conductor, on an insulating 
stand ; so long as the charged body does not touch the 
spherical conductor, the body retains its charge and 
as soon as it touches the conductor, the whole of the 
charge is transferred to the conductor and none remains 
on the sphere. From this it is evident, that ichenever 
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it is required to transfer the whole of the charge from 
one body to another^ the charged body must be put inside 
the body^ to which the charge is to be transferred, 

222, Faraday** Ice-Pail experiments Place a calorimeter 
on the cap of a gold-leaf electroscope, 

Fig. 16. Attach a metallic ball to a silk 
thread and chaige it positively. Lower it 
slowly into the calorimeter. The gold leaves 
begin to diverge, because the charge on the 
sphere acts inductively It attracts the 
negative on the inner side ol the calorimeter 
and repels the + i;c to the outer surface. The 
divergence goes ou increasing as the ball is 
lowered into the calorimetei , but when the 
ball reaches well within the caloiimeter, no 
more increase m the divergence takes place. 

This will happen when the total induced Fig. 16 
charge has become equal to the inducing charge If the 
ball be now touched with the inneiside, the diveigence re- 
mains the same. Remove the ball and test with another 
gold-leaf electioscope, it is found to have lost all its charge. 
This expel iment is known as Faiaday^s Ice-Pail expe riment 
and it shows* (/) the total induced charge is equal to the 
inducing charge ami {li) the free charge lesides on the outer 



surface of a conductor 

222. (a) Successive inductances and multiplicity 
of charge : — Arrange two vessels i 


A and one inside the other 
on ebonite stands, as shown 
in the figure. Charge a ball C 
positively and lower it inside A. 
Negative charge will be induced 
on Its inner .side and an equal 
amount of positive charge will 
appear on its outer side. This 
will act inductively on B,, pro- 
ducing negative on its inner 
surface and repelling positive to 
its outer surface. This furnishes 



Pig. 16(g) 


us with an example of successive inductances. Now 
connect ^1 and B, the positive on the outer surface of 
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A combines with the negative on the inner surface of 
/Jj leaving /i positively charged. Now remove the ball 
and then the inner vessel J, neutralize A by touch- 
ing it. Place A in its proper place and again lower the 
positively-charged ball C Successive inductance will 
lake {dace, as tiefore. Join A and B , the positive 
charge on the outer surface of A will neutralize the 
negative on the inner surface of Jj Avluchwill now have 
double ({uantity of positive charge. Proceeding in this 
manner, thforetical/ij we can multi [)ly the positive 
charge on B. In actual practice there is a limit and 
the ehargii cannot be multiplied indefinitely. 

223. To show that the Potential at every point of 
a charged conductor is the sanne. Charge the insulated 
cvlinder, Fig. 17. Conneet the disc ot a proof-plane to 
tile eap of a g()ld-leaf (decl ro>(*o|)e by a tliin iiK'tallic 
wire. Hold the proof-plane by the insulated handle over 
thesuiface of P and move the disc of the pioot- 
plaiK' fiom one end of tlie eondiietor to the other* the 
divergmice lemains the same. This shows that tlu‘ po- 
tential at all points of a charged eondiietor is the same; 
for the divergence of the leaves is a measure of the po- 
tential of the point, 
with which the jiroof- 
plane is in contact 
224. Distribution 
of the charge on the 
outer surface of a 
conductor. We have 
shown that the poten- 
tial at all points of a 
conductor is the same; 
hut it does not follow 
from this, that the 

quantity of electricity Fig. 17 

is uniformly distributed over its surface. In fact the 
distribution depends upon: (1) the shape of the conduc- 
tor itself and ?2) the proximity of neighbouring con- 
ductors, whether charged or not. For the present, 
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we shall not take into account the effect of neighbour- 
ing conductors; and shall only study the distribution of 
the charge on the surface of an isolated insulated con- 
ductor, with reference to its shape. 

Experiment. Take a conical conductor of the form 
shown in fig. 18. Put a proof-plane fiist at Ay leinove? it 
and 1)1 jng it near a gold-leaf electroscope. Note the div ei- 
gen ce of the leaves Similarly repeat your observations by 
putting the proof-plane at B and C» In the last case note 
that the leaves diveige to a greatei extent, iilioicmg 
that the charge accumulates at the pointed ends^ leaving the 
round portions less heavily charged Similar exjienments 
may be performed with insulated conductois of diffeient 
shajies, such as a sphere, a pear-shaped conductoi and a 
metal plate as shown in figs 18. 

Draw the outlines of the conductors and show by 
means of dotted lines, outside these conductors, as to 
how the charge is distributed. The above fact would 
be easily shown in all of them. This is expressed by 
saying that the surface density, or sometimes also called 
the superficial density, at jioints and edges is gi eater 
than at other points of a conductor, and the surface 
densitij at any point is defined^ as the quantity of charge 
per unit area of the surface ionfaining that point. This 



definition is not logical: because we suppose the distri- 
bution to be uniform in that unit aiea, which is seldom 
the case. Therefore, it would be more correct to say 
that surface density at any point., is the ratio of the 
quantity of electricity on a very small area containing 
the point to that area ; because when the area is 
extremely small, the distribution may be presumed to 
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be uniform. In the case of a sphere the distribution is 
uniform, because the curvature is uniform; but in all 
other conductors the surface density would be maxi- 
mum at the points^ edges or corners of a conductor. 


225. Action of Points — We have seen that a charge 


accumulates on the points, corners and 
edges of a conductor. The surface 
density may, if the conductor be highly 
charged, become so high at the points, 
as to charge the dust and air particles 
around it, which being similarly char- 
ged would be repelled and their place. 



taken hy others. Thus a kind of lAo 19 


electric wind may be set up. which may be sufficient 
to blow a candle flame aside. Each particle, which is 
repelled, carries with it a small charge and thus the 
conductoi, to which the point is attached, loses olectn- 
city by this means. This principle is made use of in 
electric machines, for transferring electricity from the 
charged plate to the prime conductor. 

The action of points may bo beautifully illustrated 
by an electric whirl, which is capable 
of rotation on a central axis. The 
reaction of the lopellcd particles, when 
the machine is woiked, drives it round 
in a direction opposite to that in which 
the pointed ends of the whirl are. The 
action of the points can also be illustra- Fig 20 
ted by attaching a pm to the disc of a charged gold- 
leaf electroscope, the charge escapes and the leaves 
collapse. 

If a person were to stand on an insulated chair 
and to grasp the priaie conductor of an electric 
machine, ho would become charged. If the machine 
were worked and the person were to place the knuckle 
near a gas jet, a spark would pass and the gas lit; but 
if the machine be stopped for a few minutes and the 
same thing repeated, no spark would pass, because the 
charge escapes through every hair-point. 
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It is essential that there should he no speck of 
dust over such conductors, as are meant to retain 
charges of electricity, because the specks of dust act as 
points and thus help the charge to escape. 

226. Lightning conductors. During a thunder- 
storm, clouds may be charged to a high potential 
due to the coalescence of small drops into bigger ones 
(Section 231, a). Such charged 
clouds induce charges of opjiosite 
sign on the earth's surface and if 
the difference of electrical poten- 
tial is sufficiently great, a spark 
may pass between the cloud and 
the nearest earth-connected con- 
ductor. The discharge may do 
damage to the building, which is 
usually made up of bad conduc- 
ting materials. But a metal 
conductor L, at the top of the 
house, which has a good contact 
with earth, effectively prevents 
the building from any damage; 
because the upper end of the rod 
becomes charged, by induction 
from the cloinl above, and this 
gives off an electric wind, winch Fm. 21 

discharges the cloud above and no spaik is produced. 
Been if a spark be produced at all, the discharge is 
carried by the metallic conductor without doing any 
damage to the building 'I7iese rods, held over the 
roofs of high buildings and connected by wires to metal 
plates, buried in a stratum of eaitli, irhiik ts alirai/s tref 
so as to ensure good earth-contact, protect the 'build- 
ings from being struck by lightning and are called 
lightning conductors. The theory of lightning conduc- 
tors, given above, is very brief; but for absolute pro- 
tection, instead of one rod, there should be a network 
of rods and wires, enclosing the building. 
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The discharge is extremely rapid and of an os- 
cillatory character ; and to prevent any damage, it is 
desirable to retard the rapidity of the discharge. The 
capacity of the conductor should be as great as possible. 
For this reason, a flat metal band is preferable to a 
circular wire. Moreover, to minimize the effect of self- 
induction^ the band should be as direct as possible. 

SUMMARY 

1. (a) Symmer** two-fluids theory of electrostatics assumes 
fhe existence in every body, in equal amounts, of two weight- 
less fluids, which are supposed to be self-repellent and 
totually attractive. 

(d) In Franklin** theory it is assumed that everybody 
CCntains normal amount of a weightless, self-repellent fluid. 

(c) The electron theory presumes the existence of 
Corpuscles carrying a small amount of negative charge. 

2. (rt) The process of charging a conductor by the in- 
fluence of another charged conductor, without m any way 
impairing the charge of the latter, is called charging by 
iridtlction, 

{b) When a charged body is held near to another 
uncharged conductor, both kinds of electricity are developed 
on the latter and this phenomenon is called induction. 

3. Whenever electricity is produced by either method, 
equal amounts of both kinds are simultaneously produced. 

4. Charge resides on the outer surface of a conductor. 
This is shown by Faraday's Butterfly-net experiment and 
by Biot's apparatus. 

5. Faraday*! Ice-Pail experiment shows that the charge re- 
sides on the outer surface of a conductor and that equal 
amounts of changes ate simultaneously produced. 

6. Surface dehtity is the quantity of chaige residing 
on a unit area on the surface of a conductor ; or it is the 
ratio of charge to the extremely small area, on which it is 
distributed. 

7. If the conductor is not a perfect sphere, then the 
surface density varies from point to point, but the potential 
on Its surface does wot Vary from point to point. 

8. Surface density at points, edges and corners is 
very high. 

9. Lightning ednduefoyt are metal-points attached to the 
highest points of buildings and are connected to the earth 
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by metal wires. They protect the buildings from being 
struck by lightning. 

EXAMPLES 

1. Describe how you would charge a gold-leaf electros- 
cope positively with an ebonite rod. 

‘2. What do you mean by electrostatic induction? 
Explain the action of a sharp point in discharging a 
conductor. 

3. Describe Faraday’s Ice-Pail experiment ; and show 
bow it proves that the charge resides on the outer surface 
of a conductor. 

4. Define electric density. A charge of 124 units of 
electricity is imparted to a sphere of 8 cms. radius. What 
IS the density ot the charge ? 

5. Define a unit of electricity. Find out at what 
distance must a small sphere, charged with ten units of 
electricity, be placed from a second sphere, charged with 
twenty units, m order to repel it with a force of ten dynes. 

6. Describe m detail, the function of a lightning 
conductor. 

7. The surface density of a sphere of radius 14 cms. 
IS 5 ; calculate the total charge on it. 

8. How would you communicate the whole charge of 
a conductor to another hollow conductor? 



CHAPTER IV 

ELECTRIC MACHINES 

We have seen, that, a body can be electrified 
either by friction or by induction. Any appliance by 
which large quantities of electricity can be produced 
is known as an electric machine. 

227. Frictional machines. A frictional machine 
is an arrangement for generating electricity by the 
friction of two substances and for collecting the elec- 
tricity so produced. The forms of such machines are 
many; but all of tlitmi consist essentially of three parts : 
(/) the Generator^ {ii) the Collecting combs and {iii) the 
Prime conductor. A simple form of such a machine is 
shown m figure 22. 

The generator consists of a glass cylinder capable 
of rotation about the 
horizontal axis by a 
handle. The cylinder 
when rotated is electri- 
fied by rubbing against 
leather-covered pads 
coated with a mixture 
of an amalgam of zinc 
and mercury. As the 
cylinder rotates, the 
electrified portions 
leave the rubber be- 
hind and pass close to 
the row of sharp-point- Fig. 22 

ed wires called the collecting combs. These collect 
the charge from the surface of the glass in the manner 
described under the action of points and this charge is 
carried to and collected in the prime conductor. The 
negative charge induced on the pads is carried away to 
the earth by their being connected to it by a metallic 
wire. Another form of this machine is known as the 
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plate electrical machine^ in which a circular plate takes 
the place of a cylinder ; otherwise the principle is 
exactly similar to the one just described. 

228. The Electrophorus. This consists of a 
smooth plate of ebonite or some other insulating 
material resting on a metal plate called the sole and a 
fiat metal disc with an insulating 
handle. Negative electricity is de- 
veloped on the ebonite plate by rub- 
bing it with a piece of cat-skin 
The metal disc with insulating 
handle is placed over it, then touch- 
ed and removed. It becomes posi- 
tively charged In this manner by 
repeating the process, a large Fia. 23 
amount of electricity can be obtained. 

The process whicli takes place is as follows: — 
When the metal disc with insulated handh' is placed 
over the negatively-charged ebonite plate, the metal 
disc does not come in actual contact with the ebonite 
plate except at a few points; but is separated from it 
by a thin film of air. Consequently a separation of 
two kinds of electiicity takes place in the metal disc 
by induction. Positive is attracted by the negative of 
the ebonite plate and negative is repelled On touching 
the disc with hand, the negative flows to the earth and 
on removing the plate by the insulated handle, the 
positive charge redistributes itself over the whole sur- 
face of the disc. 

Action of sole. The sole prevents the charge on 
the ebonite plate from leaking away in the following 
7 /mwwer: — When the metal disc is not lying on the 
ebonite plate and there is no sole attached, the negative 
electricity of the ebonite charges the air particles 
and thus loses its charge. When however, the solo is 
present, the negative electricity of the ebonite plate 
attracts 4- / e from the sole and the negative from the 
sole flows to the earth. Thus the negative of the plate 
is kept bound by the + ve of the sole. When the 
metal disc is kept over the plate and touched, both the 
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sole and the upper disc are connected to earth. But 
as the distance of the upper disc from the ebonite 
rod is much less than that of the sole, positive elec- 
tricity now appears mostly on the disc only. On re- 
moving the €^sc +ve electricity again appears on the 
sole. Thus we see that, when the metal disc is touched, 
positive electricity flows out of the sole; and when the 
(Use IS removed, negative electricity flows out of it. 
These facts can be easily shown by putting the plate of 
the electrophorus on the cap of a gold-leaf electroscope 
and then proceeding in the manner described above. 

From what has been said about electrophorus, it 
appears that an unlimited charge is obtainable from a 
single charge on the ebonite plate. The question na,- 
turally arises: Wherefrom is the energy of the charged 
disc derived? The answer is that in removing the 
positively charged disc from the surface of the nega- 
tively charged plate, work is to be done against the 
forces of attraction and the energy i)Ossessed by the 
charged disc is equivalent to the work done against the 
electrical forces. 

229. The Wimshurst Machine. It is a form of 
influence machine and is the best of its kind for pro- 
ducing large quantities of electricity. It is diagrainma- 
tically represented on page 447 and a rough sketch 
is shown in tig. 24 (a), P. 448. It consists of two circu- 
lar plates of ebonite or varnished glass, placed near 
each other and so arranged as to rotate in opposite 
directions. On the outer surface of each plate are strip- 
ped an even number of thin metal sectors, which act as 
inductors and carriers. Two diagonal metal conductors 
inclined to each other at right angles terminate in metal 
brushes, and touch the sectors as they pass. These arc 
attached one each on the outer surface of either plate 
and are so arranged that each sector, when it rotates 
through an acute angle, after being discharged by the 
comb meets a brush. There are collecting combs on 
both sides of tne horizontal diameter; these collect- 
ing combs are connected to the inside of the two 
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Leyden jars and are also provided with discharging 
knobs. 



Wimshurst Machine 
Fio. 24 

To understand the principle, suj^pose that one of 
the sectors has a small + charge, which is generally 
the case, and if there be no charge present, a small 
amount can be imparted either by conduction or by in- 
duction. When this comes opposite the brush f?i, it acts 
inductively on the sector touching tii and gives it a 
slight negative charge. At the same time it gives a 
+ re charge to tlie sector touching 112* These sectors 
with their induced charges leave the brushes and come 
opposite ??3 and W4. Sectors touching and 114 are then 
inductively charged, % positively and W4 negatively, to 
an amount double that of initial charge; thus after a 
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few rotations all the sectors become charged. These 
gfive over their 
charges to the 
combs, are neutra- 
lized and aie again 
in a position to be 
charged. This 
machine is very 
reliable for getting 
large quantities of J 
electricity. If a 
number of pairs 
of plates are used, 
a very big electric 
eilect may be pro- 
duced. Lord Blyths- Fia. 24 (rt) 

wood constructed in his private laboratory, an immense 
electrical machine, having 1(>0 plates. This mac^hine 
was capable ot producing lightning flashes, with almost 
deafening report. 

230. Electrical discharge. If the knobs of an elec- 
trical machine be not far apart, sparks pass between 
them ([Uickly and almost in straight lines ; if however, 
the distance be increased, sparks become less tre(|uent 
and follow an irregular jiath. Th(‘ diminished frequency 
of the sjiarks, with increased distance between the knobs, 
shows tiiat a greater dillercnce of potential is reijuirod 
to break the resistance of air, and as a discharge 
is necessarily to follow 
the path of least resis- 
tance, small specks of dust 
are sufficient to divert the Fig. 25 

path of the spark and hence we get a zig zag spark. If 
a spark of this character be examined hy a rapidly ro- 
tating mirror, it presents the appearance shown in fig 25, 
i, e, the tips of the branches point from positive to 
negative. This is known as disruptive discharge 

The length of spark depends upon: (e) the potential 
difference between the terminals, {H) the dielectric 
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{ui) the shape of the terminals and (ic) u])on the pres- 
sure, if the dielectric is a gas. It has been proved ex- 
perimentally that before a spark can pass, air between 
the knobs acquires slight conductivity. This conduc- 
tivity of air IS always due to ionisation and any agency, 
which accelerates the ionisation of air, facilitates the 
passing of sparks. Ultra-violet light and electric sparks 
possess this property. 

Glow Discharge. If the knob of an electric ma- 
chine be made pointed, the discharge instead of taking 
the shape as described above, assiun(‘s the form of a 
bright glow. This form of discharge is known as Gloir 
discharge ; and it takes place when a pointed earth- 
(*onnected conductor is held near the prime conductor 
of an electric machine in a dark room. 

Brush Discharge. AVhen tlie discliarging knobs 
ot a large machine are well-polislied and too far off to 
produce disruptive discharge, the discharge consists of 
a short bright line, originating from the positive termi- 
nal and ending in a radiating brush of comparatively 
slight luminosity. 

230. (a) Effects of electric spark. An electric 
spark IS accompanied by mechanicaly heating^ lighting 
and magnetic effects. 

(1) Mechanical effect. Take a piece of paper, hold it 
between two knobs of an electric machine, and work 
it so that small sparks pass ([uu^kly between the 
knobs. Keep a piece ot paper moving between them. 
Stop the machine and examine the paper. Notice that 
the paper is pierced with a large number of holes. If 
instead of paper, a thin piece of glass be interposed 
between the knobs, then the glass will also be pierced 
through In this case, the machine will have to be work- 
ed for a longer time before a spark can actually pass. 
If the glass piece is not thin, then the spark will pass 
with very great difficulty; and if it passes at all, then 
the glass plate will crack du(5 to the high strain produced. 

(2) Heating effect. Stand on an insulated stool, 
touch one of the knobs of a machine with one hand 
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and hold one of the knuckles of the other hand near 
the exit of a Bunsen burner, through which gas is es- 
caping. Notice that the gas catches fire, as soon as 
the spark passes. 

Take a small shallow metal can. Pour water into 
it and then a small amount of spirit, so that the latter 
floats over the former. As before take vour stand on an 
insulated stool and touch tlie spirit with your finger. 
Notice that as soon as a spark passes between j^our 
finger and the spirit, tlie latter is set on fire due to 
the heating effect of the spark. 

(3) Lighting effect. The very fact, that an electric 
spark IS seen even in a darkened room, is proof of the 
statement, that the spark is self-luminous. The illumi- 
nating properties of lightning flash are self-evident proof 
of the lighting effect of an electric spark on an extensive 
scale. 

(4) The 7nagnetic effect of electric spark is 

beautifully shown by ^ _ 

passing a spark above a Q O ^ 

magnetic needle, sus- S ^ HJ 

pended so as to rotate 

freely in a horizontal Fio. 25 (a) 

plane. The needle is deflected, as if a wire carrying a 

current were held over it. (Sec. 289). 

SUMMARY 

1 . There are two kinds of machines (i) Frictional, 

and (//) Influence. 

2 . When the knobs of an electric machine are brought 
near together, .sparks are produced. 

3. There are various forms of spark discharge . — 

(^) Straight. (ii) Disruptive. (in) Biusli. 

EXAMPLES 

1. Describe the plate-form of frictional machine and 
state clearly the action of a pointed comb 

2. Describe the working of an electrophorus. Where- 
from is the electric energy derived? 

3. State the various forms of spark discharge How 
would you get a brush discharge ? 

4. Explain the action of sole in an electrophorus. 

5. Describe the construction and working of a Wims- 
hurst machine. 



CHAPTER V 

CONDENSERS 

231 . Take two insulated spheres of radii one and 
two inches respectively; connect and charge them by 
bringing them in contact with the prime conductor of 
an electric machine. The potential of the two spheres 
IS the same, because they are in contact with each other. 
Now separate them and put a sphere of radius one 
inch into a calorimeter placed on the disc of a gold-leaf 
electroscope. As the charge resides on the outer sur- 
face of a conductor, the whole of the chaige will bo 
transferred to the oalonmeter and the leaves ot the 
electroscope will diverge. Note the divergence of the 
leaves. Now discharge the gold-leaf electroscope and 
introduce the spheie ot radius two inches into the 
calorimeter. Note that the divergence in this case is 
greater than in the first. Thus we see that the chaiges 
carried by the two sjiheres are not equal, though their 
potentials were the same. This is expressed by saying 
that the capacity of the second sphere is greater than 
that of the first. 

The capacity of a conductoi' is defined as the 
amount of charge required to raise its potential 
by one unit. Suppose we give Q units of electricity to 
a conductor and its potential rises through V units; 

then-^ units of electricity would be required to raise 
its potential through unity, and this is called its capa- 
city. Or we may express that 8 = (7 or F=-~, where 

^ (J 

C is the capacity of the conductor. 

We have shown that potential at a distance r from 

a charge Q is equal to ^ . Potential at all points on 
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the surface of a conductor is the same: and in the case 
of a sphere, the whole of the charge acts on external 
points, as if it were concentrated at its centre. It 
Ave give a charge Q to a sphere of radius /•, then the 

potential at its surface would be^ ; theretuie its capa- 

r 

city, i.e. the quantity of electricity reipiired t(; raise it'^ 
potential through unity would be Q, the charge divided 

by—, the potential through which it is raised: 
r 

i,e. ~=r. 

9 

r 

Thus the capacity of a sphere is equal to its radius. 

231 . (a) Wheneve?* a niimher of spherical drops, 
having electric chargesj coalesce to form a big spherical 
drop, the potential alicays inses 

Let us supjiose that tliere are ii drops each of 
radius r and having a charge q. Before coalescence the 

common potential of all will bo 3^, i.e. charge q divid(‘d 

r 

by the capacity r. 

When they coalesce to form one big drop of radius 

Rj then ^tr]^z=z irr^X/? Le, tlu* \olume of the big 
d 3 

drop must be equal to the volume of small drops. 

Thus 

or Rznrn^ 

The total charge must be n q 
the potential must be 

R rnS r 

i.e. nl times the potential of one drop. This is 

always more than the potential of each individual 

drop, if n is 2 or more than 2. 

Thus if the number of drops be 8, the potential 



CONDENSERS 


453 


will be 4 times the potential ot each drop This explaiii>, 
how during: a thunderstorm, due to the coalescence ot 
small droj)S into bigger ones, the potential ot clouds 
rises enormously. 

232. Condenser . — Any conductor, the capacity of 
trhich has been a9'ti/iciaUy raised, is called a condenser. 
Before considering the methods by which the capacit> 
of a condenser can be increased, it is woith while, to 
study the eiFeet of the presence of neighbouring con- 
ductors on a charged conductor 

{i) Effect of a negatively-charged conductor on a 
iwsitiv el y-ch urged conductor Sujipose a body A is posi- 
tively charged and another bod^' B which is negativel\ 
chaiged is held near it. Then it a unlt^-^'e charge wei(‘ 
to be brought from infinity to the surtaee ot A, the 
work required to move it would be less than if B were 
absent; because the unit+?-e charge would b(‘ repelled 
by A and attracted by /i. The potential howevei is mea- 
sured by the amount of work necessary to move a unit 
+ 1 /T charge from infinity to the surface of the charged 
conductor ; therefore we see, that the effect of a nega- 
tively-charged conductor near a positivelj^-charged one 
is to decrease its potentiaL 

(7^) Effect of an earth-connected conductor. 

Now in the last case, it instead of a negatively- 
charged conductor, we have an earth-connected conduc- 
tor near the positively-charged conductor, the effect 
will still be the same; for the positively-charged conduc- 
tor will induce — re ele( tricity over the earth-connect- 
ed conductor and repel the-fre to the eaith. That 
conductor will act as if it were — re/// charged and the 
effect of its presence will clearh' be to diminish the 
potential of the positively-charged conductor 

{til) Influence of dielectric —The insulating mediuim 
surrounding a charged body, is called a dielectric. Thus 
air surrounding a charged sphere is a dielectric. 
According to the modern view, which is due to Faraday, 
the forces of electric attraction or repulsion are the 
I'esult of a state of stress set up in the dielectric by the 
electrification of a conductor. If this view be accepted, 
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then it naturally follows that the dielectric must have 
some eliect upon the force of attraction or repulsion. 
Thus, if the force of attraction between two charged 
bodies, having charges e([ual to q and r/ and d cins. 
apart be when the intervening medium is air; and 
Fi is the force between the same cdiarges, when some 
substance other than air is the intervening medium ; 
then the ratio of F to Fi is called the Dielectric con- 
stant or the Specific Inductive Capacity of that dielec- 

F 

trie. This ratio is denoted by K, Thus we have -= A", 

Fi ' 

and as ; Fi would be equal to^^ . \ . 

K 

As K has a value greater than unity for all substan- 
ces except air for which it is taken as unity, we see that 
the force must be loss when a dielectric of S I.C. higher 
than air is introduced. Consequently the woik necessary 
to bring a unit positive charge would decrease and the 
potential would be lowered. In fact, the potential at a 
distance r due to a charge Q in a dielectric of S.I.C. K 

would be ^ . 1-, i,e. \ of the potential in air. Thus 
r K K 

potential falls, when a dielectric of S.I.C. higher than 
air surrounds a conductor. 

From the above considerations, we see that the po- 
tential of a charged body decreases even though its 
charge remains the same, if (^) its dimensions are in- 
creased, (ii) ail oppositely-charged body is held near it, 
(Hi) an earth-connected conductor is held near it and 
(iv) a dielectric of higher S.I.C. is substituted for one 
already surrounding the charged body. We have already 

seen that /.«. if F decreases, capacity increases. 

Thus any of the above four methods, which lowers the 
potential, increases the capacity ; because capacity 
varies inversely as the potential. 

233. The Parallel Plate Condenser. 

To construct a condenser, we want two conductors 
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separated by a laj^er of some dielectric ; one of these 
should be earth-connected, while the other ought 
to be insulated to receive the charge. Such an 



Fig. 2G 


arrangement would act as a condenser; because its 
oapacit}" increases by the presence of the earth- 
connected conductor, as described above. One form 
of this kind ot condenser is the plate condenser. This 
consists of two metal plates A and mounted on in- 
sulating stands, ^^hlch can be moved by insulating 
handles These plates are separated by air, which can 
be replaced by glass or ebonite, etc*. Suppose A is 
charged +relfj by electrophorus. Now on bringing 
the two plates near together and touching the plate B 
with hand, the potential decreases Tins is shown 
either by the pifh halls attached to A and B oi by con- 
necting a G, L. electroscope to the insulated plate by 
wire. Now if the two plates be separated, the pith 
balls are repelled, showing that the potential has in- 
creased. On bringing the Uvo plates near together 
again, the potential falls and the pith balls hang, touch- 
ing the stands. By substituting plates of ebonite, resin, 
shellac etc., the behaviour of different dielectrics can be 
studied with the aid of this instrument. 
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234, The Capacity of a Spherical Condenser. A 

spherical condenser consists of two concentric spheres 
of radii a and h cins. respectively, l^he inner sphere 
IS insulated, the outer sphere is earHi-connectcd and 
the dielectric is air. Suppose a chain e Q is imparted 
to the inner sphere, this would raise us potential through 

^ The charge Q on u would induce a charge— Q on b 


and thus its potential will be 


Q 
h ' 


Hence the resultant potential of 
the inner sphere 


a 


= Q 


But Capacity = 


/> — a j 
ah I 
ah 



Fig. 26 ia) 


If a and h differ by a very small amount: then 
ft=:(n + ,r), where x is a very small length. The (‘xpres- 

Sion for capacity becomes - - = - 4- a == (very 

X X X 

approximately), if a? be very small as compared to a, 

,, /i Siirfai^e of the inner sphere 

Hence G=- = . - — i-' i — 

X Attx thickness 

When a becomes very large, the surface of the 
sphere may be assumed to become plane and thus the 
two spheres will act like parallel plate-condensers. Its 
(capacity is evidently equal to, area of either plate di- 
vided bv 4'n' times .r, the distance between tliem ; 

i,e. C , jirovided air is the intervening medium. 

4'n-j- 

If another dielectric of S.I.C. K is the medium, then 

K. area 

Attx 


235 Leyden jar* — A well-known form of condenser 

* In principle, it ib a form of paiallel plate-con denser and its capacity 
IS given by the expression > where A is the area of the iiinoi tin- 

foil, d the thickness of glass and K its S.I.C. 
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is the Loyclen jar; ifc is so called, because it was first 
used by Van Mussch Cubrcek, a professor at Ley- 
den. It consists, as shown in the figure, of a glass jar 
having an inner and an outer coating of tinfoil. These 
act as plates of the condenser. The 
mouth of the jar is closed by a lid 
of some good insulating material, 
through which passes a brass rod, 
having a knob outside and a loose 
piece of brass chain or spring at 
the lower end. This chain is in 
contact with the inner tinfoil. To 
charge the jar, we have simply to 
connect the knob to an electrified 
body and the outer coating to earth. In this case, the 
capacity is increased on account of two Ctiuses: {i) the 
outer coating acts as an earth-connected conductor and 
(m) the glass intervening the two coatings has a higher 
S.I.e. than air. 

When the inner coating is given a + re charge, an 
equal amount of charge is induced on the outer 
coating and the + re from the outer coating 
flows to the earth. As these charges exert 
mutual attraction, they tend to be as near 
each other as possible; therefore^ the charges 
come to reside on the inner and outer surfaces 
of the glass. That this is actually so, 
is shown by the following experiment: — 

Take a Ijeydeii jar with movable coat- 
ings, as shown in fig. 28. Charge the jar by 
connecting the inside with the prime con- 
ductor of a machine. Place it on an insu- 
lated plate. Lift the inner coating by an 
insulated handle and bring it near the 
gold-leaf electroscope; the leaves do not 
diverge, showing that there is no charge 
on the inner coating. Take out the glass 
jar and test the outer coating simi- 
iarly; that too sliows no sign of electrifi- Fig. 28 
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cation. Finally bring the glass jar itself near the gold-leaf 
electroscope, notice that this also shows no sign of electri- 
fication. Put the jar again into the outer coating, replace 
the inner coating hydiW insulated handle and connect the 
two coatings bj" means of a discharger; a spark passes, 
which shows that the jar is charged as before, proving that 
the charge resides on the two surfaces of the glass jar. 
The reason why the jar shows no sign of electrification, 
when brought alone near the gold-leaf electroscope, is that 
equal amounts of opposite kinds of electricity reside on 
the two surfaces of the jar; and on account of their 
mutual attraction, they exert no influence on other con- 
ductors near them. 

The question arises: — What then is the utility of 
the tinfoils, when the charge does not reside on them V 
The answer is, that tinfoils act simply as distributors 
and collectors of charge. 

235. {a) Residual Charge. Charge a Leyden jar 
strongly and then discharge it. Wait for a moment and 
try to discharge it again: a small spark passes. 
The charge, which collects in the jar, after it is once 
discharged, and which gives rise to the second feeble 
spark, is called the Residual charge. This residual charge 
varies with the amount of the total charge and the 
nature and thickness of the dielectric. It is due to the 
gradual recovery of the dielectric from the strain, which 
is produced by the electric charges. 

236. Potential energy of the charge. It has 
already been remarked that energy of electrification is 
due to the work, that has to be done in separating 
two oppositely-charged bodies. Now we have to find 
the magnitude of this energy or work. To do so, let us 
suppose, that a body A is charged with Q units of 
electricity, by bringing a very small amount of charge 
every time from infinity to that body; till the charge 
becomes Q, and let its potential then become V, Now 
in the beginning, the body is totally uncharged and 
hence its potential is zero; but at the end, its charge 
becomes Q and the potential F. Therefore during the 
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process of cliargin^?, the mean potential will be 

1 ^ potential has been defined as the amount 
2 2 


ot work done in bringing a unit positive charge from 
infinity; thus in bringing one unit of charge, work equal 

to ^ units must have been done, during the process of 
2 


charging To charge the body however, Q units of 
electricity have been brought. Therefore the work 

done must bo 


This then represents tlie potential eneigy ot tlie charge. 
Now (2=6^^, where C is the capacity ol the body; 
hence the expn'ssion for energy may be written as 

or 

0 

237. Loss of energy on sharing charges. Let 

Vi and V2 be tlie potentials ot two eomluetors of 
capacities C'l and 62 respectively. Their combined 
eneigies before slidiuig the chaiges will bo 




(i) 


On sharing the charges, by connecting them with a 
long thill wire, their common potential becomes 
( \ Ti 4 - 62 1*2 ^ ^ Total charge 
Ci -f 1 2 ^ Total capacity 


Their total energy, in the latter ease, becom(\s 


-^(Ci+cy 


Ci + C, 

Therefore, loss of energy = t (111^+ 

_ 1 (C,V'i+6'2r2H^M,C^iF2-l'i)3 “ 
2 Vi + 1'2 C 1 + C 2 


ill) 


.{ni) 


This IS positive for all values of Vi and 12, except 
when ri= 1 2« I'leiKje there is always a loss oF energy, 
except when the jiotonlials of the two conductors are 
the same, in which ease there is no loss or gain. 
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Thus, whenever two bodies at different potentials 
are brought in electrical (*nntact, a transference of 
electricity takes place; with the result that, some of 
the energy is dissipated away in the form of electric 
spark, though the total amount of charge remains the 
same. 

238 . Sometimes to increase the capacity, a large 
number of Leyden jars are connected in parallel: 
i. e. their inner coatings are connected together, and 
so also their outer coatings. The capacity of the com- 
bined condenser is equal to the sum of the caiiacities of 
the separate jars. 

Another form of condenser, which is largely used 
in Induction coils, 
consists of a num- 
ber of tinfoils, 
separated by paper, 
oiled with paraffin- 
wax. The alter- 
nate tinfoils are 
connected together, so as to form two plates of very 
large surface-area, as shown in fig. 29. 

SUMMARY 

1. Capacity of a conductor is defined as the quantity of 
charge required to raise its potential thiough unity 

2 Any conductor, the capacity of whicli is artificially 
increased, is known as a condenser. 

3. The capacity of a sphere is equal to its radius, and 

of a simple air-condenser is equal to • 

4. Dielectric constant or the Specific Inductive Capacity of 

a substance is defined as the ratio of the force between two 
charged bodies, when air is the intervening medium, to the 
force which would be exerted, if the intervening medium 
were the given substance 

5. Leyden jar is a form of condenser. In this case, the 
charge resides on the inner and outer surfaces of the glass 
jar and not on the inner and outer tinfoils. 

6. If a strongly charged Leyden jar be once discharged 
and the inner and outer coatings be connected again by a 


IB 


Fig. 29 
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discharger, a feeble spark known as the residual spark is 
seen. This is due to what is known as residual charge. 
7. Energy of charge = Vs Q. T. 

EXAMPLES 


1. A sphere of radius 4 cms. is charged with 20 
units. Find the potential and the surface-density on the 
suiface of the sphere. 


20 

the potential =5 units. 


O' 

The area of the surface of a sphere sq, 
and the charge =20 units 

the surface density • 


ClllS. 


2. Define capacity of a condenser. 

3. What do you understand by Specific Inductive 
Capacity or dielectric constant^ 

4. How would you show that m the case of a Leyden 
jar, the charge resides on the sides of the glass jar and not 
on tin-coverings ? 

5. A sphere of radius 6 cins. is charged with 20 E. S, 
units of + ve electricity ; find its Potential. It is touched 
uith another sphere of radius 3 cms. and having — 5 E. S. 
units Calculate the common potential of the two spheres 
and the loss of energy during the process. 

6. Two spheres of radii 6 and 7 cms. respectively, are 
separated by a distance of 20 cms. The potential of each 
IS raised to 3 units. Calculate the force of repulsion, 
when air is the inteiAening medium and also uhen dielec- 
tric of S, L C,=8 IS the intervening medium. 



CHAPTER VI 

FIELD OF ELECTRIC FORCE 

239. Field of Force : — Suppose charged body 

Fig. 30, is surrounded by 
air and a body B carrying 
a positive charge is placed 
ab any point in its field ; 
then on account of the 
force of repulsion between 
the two, the body B^ if 
free to move, will move 
away from it along a line 
as shown in the figure. 

Similarly if the body B 
were situated at any other 
point, it would move along 
any one of the lines shown 
here. Each of these lines 
is called a line of Force. 

It can be defined as a line^ 
such that its direction at any point on itj through which it 
passes, gives the direction of the resultant electric force at 
that point. The whole space surrounding a charged body, 
in which the electrical force is exerted, is called a field of 
force due to the charge on that body. Thus in the field 
due to a charged sphere, the hues of force are radial 
straight lines. 

The intensity of the field at any point is the mag- 
nitude of the force, which a unit positive charge 
experiences, when placed at that point. 

A number of lines of force taken collectively is 
called a tube of force] and all the lines of force taken 
collectively, which take their origin from that portion 
of the surface of a conductor, which has a unit ve 
charge, are known as a unit tube of force. The number 
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of the unit tubes starting from any charged body will 
thus be numerically equal to the amount of charge 
on it. 

240. Properties of lines of forces The following 



Lines of force due to two oppositely-charged spheies. 

FiGv 31 

pioperties are assigned to lines of force : — 

(f ) A line of force is conventionally supposed to 
take its origin from -j-ve charge and end on a negative 
charge 

hi) The direction of a line of force is the direction 
in which a positively charged body would move. 

(in) The tubes of force tend to contract length- 
wise like a stretched rubber tubing, and expand breadth- 
wise. 

Thus if a charged body be placed in a room, which 
contains no other conductor, then the lines of force 
start from the charged bodj" and end on the walls and 
roof of the loom: because a negative charge is induced 
on them. Now if a conductor be brought inside the 
room, negative electricity is induced on it; and a certain 
number of lines of force leave the roof and the walls 
and come to terminate over the conductor. The nearer 
the conductor is brought to the charged body, the greater 
is the number of lines of force, which terminate 
on itv Thus we see, that lines of foice tend to contract 
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lengthwise and bulge out breadthwise. They represent a 
state of tension along their lengths and of pressure at 
right angles to them. 

(iv) No two lines of force can intersect. Sup- 
pose two lines of force intersect each other at a point ; 
then at that point, there would be two directions for the 
resultant force, which is impossible. 

(r) A line of force cannot cut an equipofential^ 
surface more than once. For suppose a line of force 
cuts it more than once, then work must be done in 
moving a charge along a line of force; but no work is 
done in moving a charge from any one point of an 
equipotential surface to any other, whatever the path of 
motion may be. Hence no line of force can cut an 
eipiipotential surface more than once. From this it 
follows that no line of force can begin and end on the 
same conductor. 

in) The lines of force are perpendicular io an 
equipotential surface. For if a lino of force is not 
perpendicular to it, then there will be a certain 
component of the force acting along the suiface of that 
conductor: but no work is done in moving a charge 
from any one point of an e(|uipotent]al surface to 
another. Hence the lines of for(*e must be perpendicu- 
lar; because then they will have no component along 
the surface of the conductor, for a force has no compo- 
nent in a direction perpendicular to itself. 

(mi) No lines of force can exist within a hollow 
conductor, unless this surrounds other charged 
conductors. Charges of opposite sign are always 
found at opposite ends of a line of force; but in the 
case of a hollow conductor charged only on the surface, 
no line of force can exist within the conductor. For, 
charges of the same sign will be found at both ends of 
a line, if such a one were imagined to exist. Thus no 
line of force can exist within a hollow conductor, 

* An equipotential burfaco is that, on which all the points are 
at the same potential. There being no difference of potential, electricity 
remains at rest on its suifacc and cannot move from one point to any 
other. 
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and there must be the same intensity unthin the conduc- 
tor, Thus the potential inside a charged hollow conduc- 
tor is uniform and equal to that of the conductor, 

SUMMARY 

1 . The space surrounding a charged body, where the 
forces of electric attraction oi repulsion are peiceptible, is 
known as a Field of Force. 

2. A line of force is a line such that its direction, at 
any point through which it passes, gives the direction of 
electrostatic force. 

3. Intensity at any point is the force acting on a unit 
+ ve charge. 

4. Unit tube of force is a tube of forc.e. which has a 
unit charge at one end. 

5. The lollowiiig are the peculianties of the lines of 
force. — 

(a) They aie supposed to stait lioin a4- cc chaige. 

(b) The direction oi a hue ot force is the diiection in 
which a +tcZ// chaiged body would move 

(c) The lines of ioice tend to contract and repel each 
other 

{dD No two lines can inteisect. 

(c) No line can start from and end on the same conductor. 

(/‘) Lines of loice are perpendicular to an equi potential 
smface. 

(//) No line of force can exist inside a conductor. 

EXAMPLES 

1. What IS a field of force*'^ 

2. Define intensity and find out the same at a point 
8U cms. from a spheie having 20 units ot charge 

B. What IS a unit tube of lorce*^ State the chief 
piopeities of the lines of force. 

4. How would you show that the surface of a con- 
ductor IS an equipotential surface*-^ 

5. 'Ohaige resides on the outer smface of a conductor.’ 
How would you show that the inner and outer surfaces of a 
conductor are at the same potential? 



CHAPTER Vir 

ATMOSPHERIC ELECTRICITY 

241. It has boon foiiiid by actual expoi iment, that 
the potoiitial at any j)Oint iii tho atmosphere on a calm 
(lay IS alwaj’s highor than the potential of tho earth. 
Tho eleotrilication ot tho atmosjihoio varies not only 
with the hy^romotric state ot* the atmosphere, but also 
with tho season and hour ot tho day. The cans(' ot 
this elect 1 ideation is not known clearly as yet Some 
sii<;«est that ^\at^‘r, when it vapoiizes, aeqiiiK's a + re 
charge : others say that electrification ot the at- 
ino^jihere arises fiom the friction of masses of air at 
difleient t(Mnp(‘i atures Mori' recently it has been 
suggi'stecl that tlie eleetrideation of tho atmosphere is 
due to the ultra-\iolet lays of sunlight, which have the 
peculiai piopertv of {lartially ionising the air 

242 The Aurora. ^Jdie Aurora Boi-ealis, seen in 
the clear K'gions, is a foim of electric diseharge in the 
upper legions, of raieded air. This is probably due to 
the ilitt'erenee of potential existing between the cold 
air of the Poles and the currents of wai in air, which 
come from the E(|uat(n\ Rcaamt tlnairy suggests that 
the phenomenon is due to stieams of r/cc*/y discharg- 
ed irom the Sun, the jiaths of which are influenced b^ 
the eartlTs magnetic field 

243 Thunder storms Thunder storms an' jiro- 
bably tin* result of disrujitive diseliarge, which takes 
plac'e wlicn two intensely charged clouds, having op- 
posite kinds of charges, happen to come near each 
other The spark, accompanying such a discharge, is 
known as lightning: but nothing is as yet known, with 
certainty. This lightning assumes various forms, such 
as {i) forked {ii) sheet and {iii) globular lightning. 

(i) usually tak('s a very ii regular 

path with many ramifications. The ])ath of the dis- 
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charge is always that of least resistance ; and small 
specks of dust are enough to divert the passage of a 
spark. The flash is generally of an oscillatory charac- 
ter. The duration of the flash is always less than 
1/10,000 of a second. 

{ii) Sheet lightning probably the reflection, from 
the surface of clouds, of distant fork lightning, which is 
hidden from view. 

{til) Glohiilar lightning is very rarely seen and has 
been little understood as yet 


EXAMINATION QUESTIONS X 


1 . Two small spheies are cliarjied with 9 units of jiosi- 
tive and 8 units of negative electiicitv i espectively. Find 
the force between them, when they aie placed 12 cins. 
apait. 




/■- 


(ivnes 


-8X6 _ 1 

12X12 " 3 

Thus each sphere would attiact the othei with a foice 
of dyne along the line joining them. 

2. Two equally-charged sidieres leiiel each other, 
when their centres are half a metre apait, with a force equal 
to the weight of 6 milhgiams What is the charge on each 
m electiostatic units (/?. of E, London), 

Weight of 6 m gms. is equal to Jijijl) ^ =5 886 


dynes. 


5'88« = -^ 


(50)-’ 


for d=b0 cins and 7 = 7 ' 


. . 7 = (2500 X 5 886 )^ = 1 21*25 E. kS units. 

3. A small brass ball is chaiged with 12 units ol +<c 
electricity, and is then placed in contact with an equal and 
similar brass ball Find the force exerted between the 
balls, when they are separated by 6 cins. 

After contact both shall have eipial cliarges. 

Thus the chaige on each will be equal to 6 units. 

. „ 6X6_., 

1 dyne. 


That is each ball wull repel the other with a foice ol one 
dyne. 
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4. If 100 units of work must be done in order to move 

an electric charge of 4 units from a place, where the poten- 
tial IS - 10 to another place, where the potential is V. 
What IS the value of T ? of E. 1898). 

100 

The work done will be — —25 units, when 1 unit of 

4 

charge is moved. 

Fa-“Fb=Tr=25 
•*. Fa=Fb-f 25 = -10+25. 

5. A charge of 50 C G1 S. units raises the potential of 
a spherical conductor from 10 to 15 units. Find the radius 
of the conductor. 

Capacity 

But since the capacity of a sphere is equal to its radius, 
therefore the radius =10 cms. 

6. Two small spherical pith-balls, each one decigram 
in weight, are suspended from a point, by threads 50 cms. 
long, and are equally charged so as to repel each other to a 
distance of 20 cms. Find the charge on each (g=980). 

7. A spherical conductor of 5 cms. radius and charged 
to a potential of 50 units is placed inside a sphere of radius 
10 cms. Find the potential of the larger sphere. 

The whole of the charge shall be transferred in this case. 

Therefore 5X50 = 10XF, where r=Potential of the 
larger sphere, L e. F=§5 units. 

8. Two insulated metal balls of radii 3 and 5 cms. 
respectively, are connected by a very fine wire and charged. 
On testing, it is found that the smaller one has 9 units of 
charge. What is the total charge? 

The Potential of the smaller ball would be 4 — 3. 

This is also the potential of the bigger ball, the charge 
on which would be 5X3 = 15 

the total charge =9 + 15 = 24 units. 

9. Two spheres of radii 3 and 1 cms. respectively are 
placed far apart and a charge of 15 units is given to the 
larger sphere. What charge must be given to the smaller 
one, m order that the larger sphere may neither gam nor 
lose charge, when the two are connected by a wire^ 

(B. of E, 1903). 

The potential of the bigger sphere would be V=5. 

In order that there may be no transference, the poten- 
tial of the smaller sphere should also be the same as that of 
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the bigger one i.e. 5; but its radius or the capacity is unity. 
Therefore 5X1=5 units of charge must be given to it, 

10 To what potential must we charge an insulated 
spheie of 15 cms. radius, so that its surface density mav 
be 2‘^ 


Surface 


density = 


A 


, wheie A is the surface area 


of 


the sphere. 


But potential 


Q 

4Tr (5)2 ‘ 
V r 


Q = 200'n‘ units. 

Q _20(‘'n- 
5 5 


=407r = i2r)7. 

11, Equal quantities of electricity are coinniunicated 
to t\\ 0 insulated metallic spheres, whose radii are as 5 1, 
What are their relative potentials? The spheres aie then 
put in conducting communication, by means of a long thin 
wire, which is afterwards removed. What are the relative 
surface-densities of the two spheies now''^ 

(Piinjal), 1914- try). 

12, A Leyden jar has a diameter of 15 cms., height of 
tinfoils 18 cms, and thickness of glass 2 5 mms. If the value 
of specific inductive capacity of glass be G’4, find the capa- 
city of the ]ar, {P, U, 192s). 

13 Eight equal globules of water, having equal and 
similar charges, unite to foiin a larger globule How will 
the electiic capacity and potential change? {P, U, 1922) 

14 Two conductors of capacities 10 and 15 respectively, 
are connected by a fine wire and a charge of 1000 units i» 
divided between them Find the potential of either con- 
ductor and the charge on each. (C. U, 1920). 

15. Two Leyden jars, whose capacities aie 1 and 2, 
receive charges 3 and 4 respectively. Compare their com- 
bined electric eneigies, befoie and aftei then knobs have 
been in contact, (/i. of E 1898). 




MAGNETISM 

CHAPTER I 

FUNDAMENTAL PHENOMENA 

244. Natural Magnets. The name magnet was first 
applied by tlio ancients to certain hard black stones 
found in Magnesia, in Asia Sfinor. These stones, now 
known by the name of Magnetite (Fej O4), were found 
to possess the propeit}^ of attracting pieces of iron and 
steel . and besides this, tbeie are reasons to believe that 
till' Chin{\s(‘, as far back as 2(100 B. 0., knew that pieces 
of magnetite jiossessed the property of pointing North 
and South, when suspended so as to move freely in a 
hoiizonlal plane How and when they discovered 
the peeuliai pioperty of this stone, is not known 
exactly, but we must reckon this discovery, as a definite 
staiting j)()int, in our knowledge of magnetism. The 
earliest record ot this knowledge in Europe, is found 111 
the writings ot a Norwegian (born in 1(568), in which 
magnetite, having the above propeities. is called as the 
Lodestone or heading stone 

IfapKHOof lodestone be examined, it is lound 
that its j)o\ver ot* attivu ling payees 
of iron or steel, is most maiki'd - - - 

at the (wo end-ri'gions called the 
poles of tli(‘ niagn(‘t, while the 
liortion of the inagm^t lying be- Fio 1 

tw(*en the two jioles tioes not attract iron filings so 
strongly. Jt is also found that half way betwoim the two 
jioles, tlnne is no attraction at all. This region is called 
the equator ot tin* magnet An imaginaiy line joining 
the two [)oles ot a magnet is called the magnetic axis 

245. Two kinds of magnetic poles Take two 
magnets and snsjiend them in stirrups at a distance 
from each other. It is found that eacli of tliem ])Oints 
III the north and south directions. Maik the poles 
which point towards the North as A^, and the others as /S'. 
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Disturit) the magnets and see that the poles marked 
N again point in the northern direction. These poles 
are called the North-seeking Poles of the two magnets, 
while the others are called the South-seeking poles. 
Now bring the ^V-seeking pole of one magnet near to 
the JV-seeking pole of the other, repulsion takes [dace. 
Similarly bring the iS-seoking pole of one near to the 
>S-seeking pole of the other, notice the repulsion again. 
Thus we see similar poles repel one another. 

If however, the A^-seeking pole of one be brought 
near the Ab-seeking polo of the other, attraction results ; 
le dissimilar poles attract each other These facts are 
similar to the law of electrostatic attraction and repul- 
sion ; and are known by the name of the 1st law of 
magnetism, which states that like poles repel, while 
unlike poles attract each other. 

246. Paramagnetic and Diamagnetic. Besidi's iron 
and steel there are other substances, such as nickel and 
cobalt, which are feebly attracted by a magnet ; these 
substances are called paramagnetic substances While 
there are others, such as copper and bismuth, which are 
feebly repelled by a magnet : these are given the name 
of diamagnetic substances. It is interesting to note here, 
that even iron and steel cease to exhibit any magnetic 
property at a dull-red heat The temperature at which 
this occurs is called the critical temperature 

247. Artificial Magnets. Natural magnets are 
not used in ordinary work; artificial steel magnets are 
generally used for that purpose These are of various 
forms, bar magnet and horse-shoe magnet are the 


commonest. 

248. Methods of magnetisation. (/) Single touch. 
Lay the needle to be magnetised, flat 
on the table with its ends fixed by 
soft wax. Draw one pole (say the iV- 
seeking pole) of a magnet along the 
whole length of the needle from A to 
B several times. Test the needle A N 
and see that it becomes magnetised. Fig. 
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The end B where the magnetising magnet leaves the 
needle becomes the /S-seeking pole. In fact, it is found 
that the last-touched point of the needle alwaijs becomes a 
pole of opposite kind to that used to rah it. If the piece 
to be magnetised bo thick, both sides should be simi- 
larly treated. This method however, is not suitable 
for strong magnetisation. 

(ii) Divided touch. The bar or needle to be mag- 
netised is laid flat on a table and its ends are fixed 
with soft wax as before. Dissimilar poles of two mag- 
nets are placed at its middle point and are then drawn 
apart towards the ends. The process is refloated several 
times. The bar be- 
comes strongly mag- 
netised, if instead of 
being held by soft 
wax, its ends are made 
to rest on the poles of 
two other magnets ; Fio. 3 

such that the end, which is to be last touched by a N- 
seeking pole, rests on a ^-seeking pole and that to be 
last touched by a ^-seeking pole, rests on a .V-seeking 
pole. 

{iii) Double touch. The bar or neetlle to be mag- 
netised IS laid on the table as before. Dis-similar 
poles of two magnets are then placed at its middle 
fioint, with a piece of wood in between them i.e. the 
dis-similar poles. Both together are moved backwards 
and forwards several times, along the bar to be mag- 
netised and are, at the end, made to leave in the middle. 

(ir) By none of the above methods can a steel bar 
be magnetised beyond a 
certain limit ; hence to 
get very strong magne- 
tisation, none of the 
above methods is used 
and the method of mag- 
netising by an electric current is resorted to, for the 



Fig. 4 
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purpose. The bar or needle to be magnetised is placed 
inside a thin-walled glass or cardboard tubing, round 
which cotton-covered copper wire is wound; and a 
strong current is made to flow through that wire for a 
short time. On stopping the current, the bar or needle is 
found to have acquired magnetism. The end, where the 
current runs in a cloclc-icise direction acquires the polari- 
ty of a S-seeking pole. The degree of magnetisation, ac- 
quired by any given piece of steel, depends upon: (i) the 
magnetising force and {ti) the quality of steel. Mag- 
netisation is increased by increasing the magnetising 
force and its duration. But ultimately a limit is reach* 
ed, beyond which magnetisation cannot be increased. 
The steel is then said to be saturated ; and a piece of 
steel or iron is magnetically saturated^ tchen it fails to 
acquire a higher degree of magnetisation^ however much 
the magnetising force may he increased. 

249. Consequent poles. Sometimes a magnet 
may be found which has similar poles at the ends. 
This IS generally due to irregular magnetisation. A 
magnet showing this peculiarity, will always be found 
to have one or more poles of opposite kinds, somewhere 
along its length. These additional poles are called 
consequent poles and can be easily found out by dipping 
the magnet m iron filings. The consequent poles can 
be imitated, by placing two magnets with their similar 
poles together, as shown in fig. 5. Here NN is a 
consequent pole. 

To get a consequent pole, take a needle and magne- 
tise one-half of it by single touch; so that one end be- 
comes a pole, and 
the middle point a N.S. 
pole. Magnetise the 
other half ; such that 
the other end also be- 
comes a pole and the middle ])oint,a N.S. pole. Then 
this needle shall have a consequent pole at its centre. 

Magnetic field. Magnetic field in magnetism is 
similar to electric field in electrostatics; and is the whole 
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space round about a magnet, in which forces due to 
the given magnet can be detected. 

A magnetic field may be mapped out by sprinkling 
iron filings lightly on a sheet of 
thin glass, placed over a magnet, t [[ j > |J|| 

The filings arrange themselves in I \ \ I . j 1 I 

continuous curves, which indicate \i\\\ / J J L 

the direction of the magnetic force \\V\ \\ !// / IJ 
at every point. These continuous 
lines are called the lines of force; 
and a line of force is defined as a 
curve in a magnetic field, such 
that the direction of the tiingont 
to it, at any point, denotes the 1 

<lirection of magnetic force at that / / / // \\\ \\^ 

. if \\\\\ 

Hence an isolated A^-seeking [ f { Mill 
pole, when placed in a magnetic 1 H [ \ I f ' i 
field, would always tend to move , 

,lo.s » l'«« ot tore,. 

1. The lines of force are sup- Fig. 6 

posed to start from the N-seekitig pole and end on the 
A^-seeking pole, 

2. JAnes of force cannot cross. Because if two 
lines of force were to intersect, tlien a magnetic needle 
placed there should point simultaneously in two direc- 
tions, which IS an impossibility ; hence no two lines 
of force can intersect each other. 


Field due to a bar magnet , 
iV-pole pointing noith. 

Fig. 6 


;i. Lines of force represent a state of tension aloiuj 
their lengths. Tho lines of force run from the iY-seok- 
mg pole to tho /S'-seeking pole and represent a force, 
tending to draw two poles near together ; thus the 
lines of force represent a state of tension along their 
lengths. 

4. JAnes of force represent a state of pressure, side- 
icays. Lines of force may be assumed to be similar to 
a stretcheil elastic string. When such a string is 
stretched, it grows longer but thinner in cross-section. 
It has a tendency therefore, not only to shorten 
length-wise but also to bulge out sidewavs. 
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Another method of mapping out a field of force is 
by a small compass-needle, enclosed in a small box with 
glass faces. Place a magnet over a sheet of paper and 
bring the small compass near it. The needle of this small 
compass would set itself in the direction of the magne- 
tic force at that place. Make small dots on the paper, 
opposite each end of the needle. Move the compass 
from its position 
and place it so that 
the S-seeking pole of 
the compass-needle 
coincides with the 
previous dot. Mark 
again a dot opposite 
the N-seeking pole 
of the compass- 

needle. Move the 
compass again, so as 
to make the S*-seek- 
ing pole of the com- 
pass-needle coincide 
with the previous 
dot and mark out 
another dot opposite 

the N-seeking pole Field dne to a bar magnet, 

of the compass- N-pole pointing South, 

needle. Kepeat this Fig. 7 

till a series of dots are obtained. Join them by a line, 
this indicates a line of force. Drawing in this manner, 
many lines of force can be obtained, which together 
constitute a field of force. Various lines can be 
drawn by starting with the needle from different points 
in the field. 

A glance over fig. 7 shows that there are two 
regions, marked w. in which the small compass- 
needle will come to rest in all positions; these regions 

* When the needle crosses the middle poitiou of the magnet, 
the N-seeking pole, instead of the S-seeking pole, would coincide with 
the dot. 
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are termed neutral points. In these places, the force 
due to the magnet and that due to the earth, exactly 
counter-balance. 

It is very easy to determine the pole-strength ot 
a given magnet, when the position of a neutral point in 
its field is known. The simplest case is that ot a magnet 
placed in the magnetic meridian, with its S-seeking 
pole pointing towards the north, as shown in fig. 7. In 
this case, if d be the distance of the neutral point from 
the S. pole of a magnet of length I ; then the intensity 

H due to the earth plus — ^ — , the intensitv due to the 


north-seeking pole, together should be equal to , 

the intensity due to the S-seeking pole, where in is the 
pole-strength of the givcm magnet. (Chapter II). 


Thus : 

when II IS given and distances d and / are measured, 
the value of m becomes known. 


Uniform field. In a magnetic fields the area uliere 
the lines of force all run in the same direction and are 
parallel to each oilier^ is said to be an area of uniform 
field. The earth’s field, in small areas over its surface, 
may be assumed to be uniform. 

251, Magnetic Induction Bring a steel nail near 
to the pole of a bar magnet. See that the former re- 
mains attached to the magnet. Bring another nail of 
steel near to the loAver end of the steel 
nail, alread}^ clinging to the magnet : 
notice that the second nail also remains 
attached. Similarly try with the third 
nail Keep these three attached to the 
magnet for a few minutes, and then 
gently detach the first nail from the 
magnet: it is found that the second ^ 

and the third remain attached to the first. Xow sepa- 
rate the nails. Test that they are magnets. It is further 
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found tliafc dissimilar poles of the two pieces are in 
contact. 

Place a soft iron piece on a wooden table, and 
sprinkle iron filings near this piece. Bring a perma- 
nent bar magnet near to the soft iron piece; see that 
the piece at once attracts the filings. Remove the per- 
manent magnet to a distance and notice that tlie filings 
do not remain attached to the iron piece. 

This experiment shows that a piece of soft iron 
behaves as a magnet, so long as a magnet is present in 
its vicinity; and it ceases to be a magnet when the 
magnet is removed. In the first experiment however, 
it is seen that pieces of steel retain their magnetism, 
even after the bar magnet is removed This power of 
steel, of retaining magnetism, is called retentuutij. 

The above etFects are due to what is called Mag- 
netic Induction; it may bo defined as the process 
by which steel becomes permanently magnetis(»d and 
soft iron only temporarily so, when placed in contact 
with or near to a magnet. A magnet attracts a mag- 
netic substance by inductive action. 

Induction in all cases must precede attraction : for 
when a magnetic pole is held near to a piece of iron, 
pole of opposite kind is induced in the nearer part of 
the iron and is attracted by the inducing pole. 

This inductive action in magnetism is very similar 
to one, wo have studied in electrostatics. The 
analogy goes even still further, for the iron piece mag- 
netised by induction is found to have two poles; the 
end nearest to the pole of the inducing magnet being 
of opposite kind, while the farthest end of the bar is 
of the same kind as the inducing pole. 

This analogy, between the electrostatic and mag- 
netic phenomena of attraction, repulsion and induction, 
is so close^ that students are in some danger of 
confusing the two. But magnetism is quite unlike the 
stationary charge, though it resembles a moving one. 
The following are the chief points of difference between 
magnetism and statical electricity : — 

(i) It is possible to charge either + rely or — rehj^ 
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while it is impoSv«?il)le to give one kind of magnetism to 
anybody. 

(ii) The phenomenon of electricity is more general, 
while magnetism must necessarily be confined to a 
few paramagnetic substances. 

{hi) An isolated +ve or — charge is possible, 
while an isolated pole of either kind is an impossibility 
(ir) Electricity is lost by touching it with some 
conductor, while magnetism is not thus lost. 

252. Susceptibility. The amount of induced mag- 
netism dope, lids both upon* (2) the strength of the field 
and (ii) the nature of iron or steel. It is found however, 
that for a given strength of field, the induced polarity 
set up in soft iron is always stronger than that set up in 
hard steel. This is expressed by saying that the suscepti- 
bility of soft iron is greater than that of hard steel. 

253. Coercivity— -It steel and soft iron ])ieces be 
magnetised to the same strength, and if both be sub- 
jected to such a magnetising force, as tends to reverse 
their polarity ; then it is found t hat soft iron loses nearly 
all its ])olarity, while steel is affected only slightly. This 
])roperty of steel of lesisting demagnetising force is 
termed coerviritif, 

254. Theories of magnetism — Various theories 
known as one-fluid and tv o-fiuids’ theories were t)ropoun- 
ded in early times ; but they are all useless, because it is 
certain that magnetism is not a fluid at all. The modern 
theory propounded by Ewing is the one hold in credit 
at the present day. According to this theory, the 
molecules of iron arc supjiosed to be ])ermaiient mag- 
nets; and in an unmagnetised state, theyaie supposed to 
be arranged in groups in such a manner, that they pro- 
duce no external field. The magnetisation (*onsists in 
arranging them so that all the iV-seeking poles point 
in one diioction and the /S-seeking poles in the opposite 
direction. Thus according to this theory, magnetisation 
consists simply in the arrangement of molecules. This 
view is supported by the following exjieriment : — 

Take a test tube. Fill it with iron filings and close 
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its mouth vvitli a cork. Magnetise it by the divided 
touch method and see that 
the tube of iron filings 
behaves as a magnet. Now 
on shaking the iron filings, 
it is seen that the tube at 
once loses its magnetism. 

This fact clearly shows 
that magnetism is closely 
related to the arrangement S N 

of the molecules of iron. Fig. 9 

Recently it has been postulated that magnetic 
phenomena are due to the rotation ot electrons. 

255. Demagnetisation. From the above considera- 
tion, it is clear that anything, which changes the arrange- 
ment of molecules mast destroy its magnetism. Thus 
when a magnet is roughly used or is allowed to fall, it 
loses a part of its magnetism and becomes a feeble 
magnet. When a magnet is heated, its molecules 
acquire a rapid motion ; then too, its magnetism is lost. 

Self-demagnetisation. Besides these artificial 
methods of demagnetisation, there is a natural process 
by which a magnet tends to demaginqise itself ; this is 
called self-demagnetisation. In a bar magnet, the 
attraction between its two dis-similar poles and also 
between one pole and the constituent molecular magnets 
of the magnet, tends to draw the two poles near to- 
gether and destroy the arrangement of molecules. This 
destroying force would be great if the magnet be 
shorthand less, if the magnet be long. If the 
magnet be bent round in the form of a horse-shoe, 
the attractive force acts mostly through the air- 
gap between the ends; and so the demagnetising force 
is lessened. In the case of permanent magnets, this 
self-demagnetisation is 
prevented by the 
use of keepers^ which 
are pieces of soft iron 
put across tlie poles, Fjg. 10 

when magnets are not in use. Two bar magnets with 
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dis-siniilar ])oles pointing in the same direction are put 
near ea(*li other separatecJ by a wooden strip and two soft 
iron ])ieeos are placed imar their ends These soft iron 
piece's ac([mre tempoiMty magnetism by induction and 
help to retain tho magnetism of the ])ermanent magnets, 
by tending to kevp the magnetic poles at the e'lids ot' 
the bar 

256. Laws of magnetic attraction and repul jion. 

d " Like pote^i n^pel and unhlxe polen attract^' has 
already binm des(nih(‘d l^he sc'cond law, which gi\ es 
the magnitude, ot* the loie(i of attiai'tion or repulsion 
IS that ihe fovce o/ (dtrarhon oi* rvpahian hettceen f tro 
ntafjnidic jxile^ ( (In rc/lff a^ fJia piochat e/* the ftr>) 
pole~,sfi (n)(jllfs and un ( / s(d(i a^‘ Ute sqnavv of the din- 
fance hidiKoo} flann ' 'rims it* m <iml in' b(' the poh'- 
strengtli<o( two A'-S('elving poles plaeiMl *it a distance 
ot* d eins tioni e<n h otlu'r, tln*n the torec^. ot 1‘epulsion 

F would v<n V <is-^^^^- so that F oci^L^lL, 

(k d^ 

Or F= ^ , vvheie is a constant for any 

d^ 

gi\en medium, but is diffeient foi ditt‘(‘rent media The 
value ot for air is assumed to he unity 

Thus the above ('xpression, when air is the init'i- 
V(Miing medium can he wiittim as 

y nan' 

~ d' 

Now sup})os(' </= ! cm, 1 dvne and in^m^ \ 
then each shall hi' (*qual to unity. This gives us 
a detinition of unit pole It is delined as a pole^ 
a Inch a hint placed in an, at a distance of 1 cm. from 
an equal and snnilar pole, iroidd repel it auth a force 
of one (lipie. 

257 Intensity of a Field of Force. -A inagmdic 
pole, phn ('d in a magnetic fudd, would experience a foiee 
and the uieusnire of the force e r per le need hij an isolated 
unit nortlhsceking pole, placed atanij point in a field of 
force^ IS called the intensity of the field at that point. 
If the intensity is the same at all points, the iieJd is 
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uniform. The force acting: on a pole of strength Wy 
t<rheii placed in a field of intensity would be equal 
fo ntf] and a magnetic field has unit intensity, when a 
unit magnetic pole situated in the field is acted on by 
ai unit force. 

258. Potential — The idea of potential in magnetic 
field corresponds exactly to the idea of potential in an 
electrostatic field. When a magnetic pole moves along 
a magnetic line of force, work must be done. If a 
unit A^-seeking pole were to move from infinity to a 
point P in a magnetic field, then the measure of the 
total work done, in moving the unit A^-seeking pole 
against the magnetic forces, gives the measure of 

otential at the point P. The difference of potential 
etween two points P and Q is defined as the amount 
of work required to move a nnit N^seeking pole from P 
to Q. The expression for potential at any point, distant 
d cms. from a pole-strength of m units, can be proved 

to be — ; just as -- has been proved to be the expres- 
d d 

sion for potential in electrostatics. 

259. Magnetic screen^. — Place a soft iron piece 
in a magnetic field; it is seen that the magnetic lines of 
force tend to travel througli the iron, and the space 
around this small iron piece is run by fewer lines of 
force than when the magnet is removed. This is said 
to be due to the higher susceptibility of iron. 

When a soft iron piece, placed in a magnetic field, 
causes the intensity of 
the field to diminish at 
any neighbouring point; 
it is said to screen that 
point magnetically. When 
a thick piece of soft iron 
is placed near the pole of 
a bar-magnet, as shown ^ 

in fig. 11, many lines 
of force traverse the Fia. 11 

iron from its centre towards its either end ; while 
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only a fow lines pass to the other side of the soft iron 
piece and the eiiecfc on a niagnetic needle placed on the 
side A of the iron piece is very much diminished. To get 
the point A perfectly screened from the effect of the mag- 
net, it should be surrounded by a hollow sphere of thick 
soft iron, as shown in 
Fig. 12. The space 
within the sphere 
may bo said to be 
absolutely free from 
lines of force, be- 
cause all of them 
would pass through 
the soft iron. This 
screening principle FJO- 

is applied, whenever a space is reipiired to be perfectly 
free from magnetic forces. 

SUMMARY 

1. UdMione or leading Stone 18 tlie name applied to 

natural magnets, winch are found m Asia Minoi and othei 

countries. Their composition is Fes O 4 . 

2 The ends of a magnet, where the power of attract- 
ing iron pieces is most marked, are called the pole., iheie 
are two poles (i) iY-seeking pole and (») ^seeking pole. 

3. The pole, which points towards the North, is called 
the Norih-.eek.n, pole or briefly as xV-pole. The pole, which 
points towards the south is called the S-eeeklng pole 

Those .substances, which are attracted by a magnet 
are called paramagnetic ; while those which are repe e aie 

called dlraagnetl^ magnets are formed by magnetising a 

steel bar by any one of the following methods . U) bmgle 
touch, {//) Double touch, (t«) Divided touch and {iv) by an 
electric , 

along the length of a magnet, m addition to the two poles 

at ig the space around a magnet, where 

the magnetic forces of the given magnet are 

8. Neutral Point is a point in a magnetic tield, wlieie 
the resultant magnetic intensity is zero and a small compass 
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needle set there will point m any direotion. 

9. Lines of force in a ina<znetic field are supposed to 
start from a A"-seeking pole and end on a /S'^seekiiig pole. 
They have a tendency to shorten lengthwise and do not 
cross each other. 

10 Magnetic Induction is the idienonieiion, by which a 
piece of iron accjinies magnetic pio{>eities, when placed 
near to a magnet 

11 “ Similar poles lepel, while dis-siinilai poles attiact 
each other.” This is know n as the Ut law of magnetism. The 
2nd law IS that the force of attraction or lepiilsion betw^eeu 
two magnetic poles is directly jiropoi tional to tlie product 
of the two pole-strengtiis and inversely as the sipiaie of the 
distance between them 

where /n and m' are the respective pole- 


strengths and (I the distance betvveeii them. 




viitr 


when air is the intei veiling medium 


12. Unit pole IS a pole, which when placed at a unit 
distance fiorn an ecpial and similar pole, would lepel it witli 
a force of one dvne. 

13 Intensity at anv place due to a pole is the force 
acting on a unit iV-seeking pole at that place 

14. Potential at any point is the amount ot work reipiired 
to bring a unit iV-seekiiig pole from infinity to that point 

15 A magnetic necnlle siii rounded b^" a so(t iron cage 
is unaffected by external magnetic foice^. Hdiis action is 
called magnetic screening 

EXAMPLES 


f. Describe the (diief propeitics of a magnet and sav 
how you would demoiistiatci them expei iineiitally. 

t2. Define — pole, axis, ])ole-st) eiigth, lutensitv and 


potential ^ 

8. Whar do you understand by magnetn nuiiu tion ^ 

4 Describe tbe \aiJoas inetliods of producing aitificial 


magnets. 

5 What are the laws of magnetic force ^ 

6 What IS a field of force and wlud aic tbe i)iopei- 
ties of lines of forced 

7 Define a unit pole. Wbat must be the distance 
between two poles of 20 and 0 units respectively, so that 
the force between them shall be equal to the weight of half 
<v gram ((gr=98l)? 



CHAPTER II 

MAGNETIC MEASUREMENTS 


260. Action of a magnet in a uniform magnetic 
field. Sup]>ose a magnet is placet! lu a uiiiforiii mag- 
netic fieldj so as lt> be tit^e to 
move in a liorizonlal plane It 
IS seen that it tends to sot itstdf 
parallel to the hues of foice. and 
it diatiubtsl Irom its position ot 
rest, It o^cilhites and again comes 
to rest 111 that wry ])osinon 
ts it sd'^ The icasoii is that when 
the magnet is not ])arall(d to the 
lin(*s of force, eacdi pole ot the 
suspended magnet is acted ujion 
by a lorcM', which ttmds to bring 
It jiarallel to the lines of toire. 

Ijct xV /V tig 43 be a magnet with 
to rn, and let it b^ siispemled in a uniform Held of in- 
tensity JI, Then the North-s(M*k]ng ])()le A\ would ex- 
])erieiice a force a/ x II in tin* dina'lion shnwii in tlie 
ligiiHg and simila 1 ly the Soiith-seekiug pole > would 
ex[)etience an eipial loice in the op]>()site direction. 
These two foices acting on the .V and ."^'-^e(*kmg ])oles 
respectively ot tin' magnet aie eijual and p.iialhd, and 
act 111 opposite directions, lienee tli(*y ciuistitute ^ 
couple, the effeit of k Inch /v nludf/s to tarn if T¥| 
turning tendimcy of the cou})le i.s inea^ui<‘d by th^ 
moment of the couple, which is equal to one of the two 
forces mulnplied by the perfieiidiculai distaiu'e between 
the tw^o forces Thus the moment of the couple acting 

480 
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upon the magnet N,S-y in the position shown in the 
figure, to bring it parallel to the lines of force, is equal 
to niHx NX. But if SN the length of the magnet 
be denoted by Z, we have NX^l sin 0, where 0 is 
the angle made by the magnet with the direction of 
the magnetic lines of force. Hence the moment of the 
couple is equal to mHl sin 0. Now when the magnet 
is perpendicular to the lines of force, 0=90 and sin 0=1; 
therefore the moment of the couple would be mHl. 
Further suppose jfir= unity, i. e. the field is of unit 
strength, then the moment of the couple would be mL 
This is called the magnetic moment and is denoted by 
M. It is defined as the moment of the couple acU 
ing on a magnet^ when it is placed at right angles to a 
uniform field of unit s&ength and is equal to the product 
of pole-strength and the length of its axis. 

261. Intensity of Magnetisation. The intensity 
of magnetisation is defined as the pole-strength per 
unit area of the cross-section of a magnet. It can be 
obtained by dividing: (^) the pole-strength by the cross- 
section, or (ii) the magnetic moment by the volume 
of a magnet; for magnetic moment=7n x / and this 


divided byZxa (the volume)=^, where a = area of 

a 

cross-section. 

262. Oscillation of a magnet in a uniform field. 

We have seen above that, when a freely suspended 
magnet is deflected from its position of rest, it ex- 
periences a couple tending to take it back to its posi- 
tion of rest. As a result of this couple, the magnet 
oscillates to and fro. This oscillation of the magnet is 
approximately isochronous for very small vibrations; 
hence the time of one complete vibration can be 
shown, both practically and theoretically, to be given by 


the equation, 


r=27r 



where M is the mag- 


netic moment of the magnet, H the intensity of the 
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earth’s field and K is a quantity, called the *^mom0nt of 
inertia of the magnet. 


From the formula, 


, ^ , we see 

^ MH 


that 


if a magnet makes n oscillations in t seconds, then the 

time of one oscillation is — . 

n 


Thus — = 2 'n‘\ / _J^ 
n V in 


MH 


or 


_4ir^K 
MH 
4:Tr2K 


Hz=z 


tHl 


t.e. H varies as rfl. 


Thus the intensity of a field varies directly as the 
square of the number of oscillations^ made by a magnet 
in a given time. Hence if the same magnet be made 
to oscillate in two difterent magnetic fields of inten- 
sities III and H2] it is quite clear that the intensities 
of the fields would be directly proportional to the 
squares of the numbers of oscillations, performed by the 
magnet in each field 111 the same time. Thus it Ah and 
A 2 be the numbers ot oscillations, made in fields of in- 


tensities H\ and 7/2, in the same time, we have- 




7/2 A2^ 


For example if in one field the magnet makes five 
oscillations and in the other ten oscillations per minute; 


*Moment of inertia is defined as the sum of the products 
of the masses of vaiious molecules into the squares of the 
distances of those molecules, fiom the axis about which 
moment of inertia is required; and in the language of 
Mathematics, it is denoted as 

For a cylindrical magnet of length I cms., radius r cms. 

12 4 

magnet of length I cms., breadth a cms. and mass W grams, 


and mass ir grams, K=W 


and for a rectangular 


■ I 

\ 12 V 
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then the intensity of the first field is to that of the 
second as that is 25:100 or 1*4. 

262 . [a) Tin s oscillation-method of comparing in- 
tensities IS utilized 111 finding the 
relative quantities ot f*iee magne- 
tism, at diifertmt piiints along a bar 
magnet. The magnet is set up 
verticallv in sneli a pisit.ion that 
the direct ion of a small compass- 
needle IS nor atfected by it and the 
oscillations ot this iieoiile are count- 
ed at various points along its length 
After wauls the number of osca na- 
tions, which the needle makes 
uiid(‘r the ('arthV iiifluem e only, is Fm 14 

counted Tlien the number obtained bv subira(*Mng 
the sfpiaic of this latter number of osr illations, whu*h 
the needle makes under the earth’s in1lnen(*e only, from 
tlio vpiaie of the nuiiib(*r of os( illations, which it makes 
at any point along its length, due to both [i. e, the 
earth and the magnet), denotes pio[)oi tionately tlie 
amount of free magnetism at that point. 

For instance, if a compass-needle makes 8 oscil- 
lations in Olio minute umler the 187 
earth's lutlucncc only and 14 
just near the poh'. of a vertK'al 
magnet, then the amount of free 135 
magnetism at the pole would be 
proportional to 14*^ — 3-^=: 187. 

If at another point it makes 91 
12 oscillations, tlien tlie amount 
of free magnetism at that point 
would be 122~3*-^ = 135 ; and so 
on. A giaph may be plotted 
out ill this way, as shown m 0 
fig. 15, to represent proportion- Fio. 15 

ately the amount of free magnetism along the whole 
length of the magnet. In this case, the heights of 
dotted lines represent the amounts of free magnetism, 
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ax. 


_d. 

Fig. 16 





distributed along various points of the length of the 
given magnet. 

263. Magnetic Intensity due to a bar magnet 
at a point along its axis. 

Let N. S. be a bar magnet, m its pole-strength 
21 its length, ^ g o M 
its centre and P \ 
a point on its 
axis at a distance 
d cms. from 0. 

Suppose an isolated unit iV-seeking pole be at the 

Mi X 1 

point P] then a force would act on it, tendiiif? 

NP^ 

to move it away from the magnet, in the direction OP; 

and a force would act on it, tending to move 

it towards the magnet, in the direction PO. 

The resultant force acting on an isolated unit N- 

seeking poleatthe point Pwould therefore be 
and it would act in the direction 0/*, because 




IS 


greater than ^^ow XP = d—l and iSP=d-\-l 

III _ III m _ m 

XT^ ‘b'/'-i ~ld-if (d+7j^' 

4tmdl 

2 X 2; X (i X m 


t/Ml 


JA 

' di 


. . /2 
If d IS greater iii comparison to /, then would be 

d^ 

very small and may be neglected. The above expression 
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1 ... 

may be written as - 

_ 271 / 

where M is the magnetic moment of the bar magnet* 

264. Intensity of the magnetic field, due to a bar 
magnet, at a point on a line drawn through the centre 
and perpendicular to the axis of the magnet. 

Leti\''. aS. represent a magnet, m its pole-strength, 
2/ its length, 0 its centre, 
and P a unit A^-seeking pole 
on a line drawn perpendicu- 
lar to the axis from 0, the 
centre of the magnet. 

The force due to the K- 

seeking pole would be^^^l , in 

the direction i\^P and the 
force due to the /S-seeking 

pole would be , in tlie 

direction VS. Ficl 17 

But i\T^ and /S’P 2 ^re each equal to + be- 
cause the A VOVs is a rt.-angled one. Therefore th(!! 
force, acting on a unit iV-seeking pole at the point P, 
would be the resultant of the two forces, each of which 

is equal to — ^ . These two forces can be represented 

in magnitude and direction by the sides KV and VS of 
the triangle NVS ; therefore their resultant P would be 
represented in magnitude and direction by V!S, the third 
side of the triangle NVS.^ taken in the reverse direction, 
(by the principle of the triangle of forces). It would act 
in the direction VF parallel to 'NS at the point P. To 

get its magnitude, we have as before, ^ j ' 
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>= 

.VP’ NF' 

= for .Vi»2=(Z^ + d^\ 

(l2 + d^)TS 

M V 


( . Z2 1 3 d 

4 

because when I is small as compared to d, V/d^ can be 
neo:lecte(l. 


Therefore magnetic intensity, due to a bar magnet, 
along an equatorial line is half of that along its axis at 
the same distance. 


265. The Tangent Law. Suppose a magnetic 
needle is suspended at its centre of gravity in a field 
of intensity 77. This 
sets itself 111 the posi- 
tion parallel to the 

lines of force. Now if 
another uniform field of 
intensity 7^^ be produced in 
a direction, at right angles 
to the first, cither by plac- 
ing a magnet perpendicu- 
lar to the direction of H -niF 
or by an electric current 
circulating in a coil; it is -inH S 
seen that the magnetic Fig. 18 

needle is deflected from its first position of rest and comes 
to rest in the position intermediate between the 

direction of the two fields and makes an angle Q witli the 
direction of tlie field of intensity H When the needle 
IS at rest in the position the forces acting on it 

must be in equilibrium The forces acting on the needle 
in this position, due to the field of intensity 77, are each 
equal to mil a,nd act in the directions shown in the 
figure. Therefore they constitute a couple. The mo- 
ment of this couple is equal to mHy^ similarly the 

forces acting on the needle, due to the field of inteii- 
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sity Fj are each equal to mF and act in the directions in- 
dicated in the above diagram. These two forces being 
equal, opposite and parallel, again constitute a couple. 
The moment of this couple is equal to mF S^X. These 
two couples have a tendency to rotate the needle in 
opposite directions; and as the needle is in equilibrium 
position, their moments must be equal and opposite. 
Therefore we have mHy^ N^X=mF S'X, 

Now if the length of the needle be taken as Z, then 
N'X^l sin© and /S'X=Z cos©, where © is the angle 
which the needle makes with the direction of H, Sub- 
stituting these values in the above equation, we have 
mH'X 1 smO^mF x Z cosO 
IT sin©=l’ cos© 

or fl-tan© 

cos© 

F 

OT~= tan©. 

H 

Thus, if we know the angle of deflection of the magnetic 
needle and the intensity of one of the fields, the inten- 
sity of the other can be found from the above relation. 
This relation known as the tangent law is utilized in 
the comparison of magnetic moments by magnetometer. 



Fig. 19 

266. The Magnetometer — It consists of a small 
magnetic needle pivoted so as to move freely in a hori- 
zontal plane, at the centre of a wooden box, containing 
a circular scale, divided to show degrees. At right 
angles to the needle is attached a light long pointer of 
aluminium, which denotes the deflections of the needle. 
To avoid errors, due to parallax in reading the positions 
of the needle, the bottom of the wooden box on which 
the scale is set, is made of plane mirror. The box is 
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fixed to a wooden stand, protruding both ways from 
its centre. This stand contains a groove and a metre 
scale. The circular scale is so fixed as to have its zero 
on the axis-line of the stand. 

267. Comparison of magnetic moments of mag- 
nets by a magnetometer — (e) Deflection method. 
Set the magnetometer in the ‘End on^ position, so that 
the stand and the groove are perpendicular to the 
needle, ue. the stand is east and west (position A* of 
Gauss), Fig. 20. Place the magnet A in the groove, 
with its centre d cms. from the needle and note down 
the deflection pro- 
duced, by reading 
both ends of the 
pointer. Reverse 
the magnet keep- 
ing its centre still 
at the same point, 
i e. d cms. from 
the needle and 
again take the 
two readings of 
the deflection pro- 
duced. Similarly 
take two sets of 
two readings each 
b}" placing the 
magnet on the Fig. 20 

other side of the needle and then take the mean of 
these eight readings. Let it be 9i. Similarlj” place 
the magnet R, d cms. from the needle. Take eight read- 
ings of the deflection and find the mean reading ©2* 

Then , where ^^l and ai’e the mag- 

il/2 tane2 

iietic moments of A and B respectively; because we have 

*The position when the stand and the gwove are i>aiallel to the 
needle, as shown in fig 20 B, is called the position B of Gauss, or 
Broadside on” position. In this case to get deflection, the magnet 
must be placed perpendicular to he groove. 
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tan©! ■ (*) 

a 

>21/„ 

and =II taii©2 (<0 

Lit 

“7- . Thus the magnetic 

tanOa 

moments of two magnets are directly proportional to 
the tangents of deflections, they produce in the magneto- 
meter needle. 

(li) The Null Method. Set the magnetometer as 
before. Mark the middle points of the two magnets 
A and ii, the magnetic moments of which are to be 
compared Place the magnet A in the groove, d ems. 
from the centre of the box, with its ^.V-seeking pole 
towards the needle. Now place the magnet B in the 
groove on the other side of the needle, with its xV- 
seeking pole towards the needle and move it along till 
the pointer is at zero. Let its distance be di cms. from 
the centre of the box. Now reverse the polarity of both 
the magnets; and keep A at the same distance, d cms. 
from the centre of the box. Let the distance of B be 


di- Now interchange the two magnets, and find out d^ 
and for the magnet B\ while the magnet A is always 
kept at d cms. Let d' be the mean of di, d2^ d,^ and 6/4. 


Then = where Mi and JA2 are, as before, 
J/2 d 


the magnetic moments of A and 1^ respectively. Be- 
cause no deflection is produced, intensity at the centre 
of the box due to one magnet must be equal and op- 
posite to that produced by the other; therefore wo have 




d^ d'^ 


* P^.ight sets of leadings m the deflection-inothod .iiid four in the 
null method arc necessaiy to eliminate errors duo to the following 
causes — 

(t) The centre of the scale and the centre of the needle may no 
coincide 

(m) The needle may not be pivoted at its centie. 

(ill) The circular scale may not be correct 

(ii;) The magnetometer may not bo set light exactly. 
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or -^=^. 

Ah d'* 

268. Oscillation-method of comparing moments 
of two magnets. 

The magnetic moments of two magnets can be 
compared by making, first one magnet 
oscillate and then the other in the 
same field. It has been sliown that 
the time of oscillation is given by the 
formula 

7’=2ir \/ Jf.-. 

V Mil 

ment of inertia of the oscillating mag- 
net, then from the above equation w(‘ 
have 2-2^4.12/^, 


where K is the mo- 


and 72"= 


AhH 



AhU 


...(«) 


where ilf, and Ah are the magnetic moments of the two 
magnets. 7\ and T 2 their respective times of oscillations 
and A'l and A’ 2 , their moments of inertia. 

Then dividing equation {u) by (i), We have 
4/1A2 7’22 , .p 

jrr~'r^' magnets are ot the same siue 


and shape; A’'i=7v2. 

Then we have . 

ii/2 J 

respectively the numbers of oscillations made by the two 

magnets in the same time, for and A^ 2 =“ ? 

. ^'2 

^ e, the moments vary inversely as the sciuares of 
the times of oscillations of the two magnets 
269. Positions of the poles of a magnet. 

Up to this tune, we have been assuming the poles 
of a magnet to be situated at its extreme ends. 

Ihis assumption however, is unjustifiable, because 
the poles of a magnet are not always situated at its 
extreme ends, but are generally situated some distance 
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inwards from the ends. Therefore to find the position of 
a pole, the magnet is placed on a sheet of paper stretched 
on a drawing board 

^ " 




n 

n 


n 


and its boundary 
line drawn. A J\ 
small compass- \ ^ ‘ ^ 

]ieedle is placed 
near to the pole of 
the magnet ; and 
the whole draw- ^ 

ing board is rota- Fig. 22 

ted, till the compass-needle points towards the magnetic 
N. and Pencil marks are put on the paper to denote 
its direction {Le. of the compass-needle). The process 
is repeated at the two other places. The magnet is 
removed and the three directions obtained are produced 
towards the magnet. The intersection of these three 
gives the position of the pole. 

270. To prove the Inverse Square Law. Set the 
deflection magnetometer in ^ end on ^ position and get 
the mean deflection 0i, due to a given magnet A. Set 
the magnetometer now in the Uiroadside on’ position 
(Fig. 20); and get the mean deflection 02? due to the 
same magnet A, placed at the same distance. 

Now in the ' end on ’ position -^’=^11 tan0i 

and in the ^broadside on’ position tan 02 

a 


dividing we have, 2 


tan0i 

tan02 


It will always be observed that the ratio of the tan- 
gents of the two deflections will be equal to 2. But the 


expressions and ^have been deduced on 
d"" d 


the 


sup- 


position that the inverse square law holds good and as 


* This IS necessary to avoid eirois due to the earth’s magnetic force. 
For if the needle were not to point m the 2V. and S directions, the earth’s 
magnetism would make the needle point in some diiection, other than 
that due to the magnet alone. 
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the theoretical result coincides with practical obser- 
vations, the only conclusion is that the supposition 
must be correct. 

SUMMARY 


1. Magnetic moment is the mometil; of a couple acting 
on a magnet when placed in a field of unit intensity and 
in a direction perpendicular to the lines of force. It is 
measured by the product of m and Z, where m is the pole- 
strength and I the distance between the two poles. 

2. A magnet free to move in a horizontal plane oscil- 
lates, when disturbed from its position of rest. The time 


of oscillation T is given by the formula, T =2‘ir 



M jY 


where K is the moment of inertia, II the intensity of the 
field and M its magnetic moment. 

3. The intensity at a point on the axis, due to a bar- 
2J/ 

magnet, is given by - and at a point on a line drawn 


through the centre and perpendicular to the axis, by . 

a 

4 . When two fields of intensities II and F exist at 
the same place in directions perpendicular to each other; 
then F=H tan0, where 0 is the angle made by a fieely 
suspended magnetic needle with the direction of II, 

5. Magnetometer is an instrument for comparing magne- 
tic moments of two magnets. 

6. In the deflection-method of comparing magnetic 

moments. Mi : M <2 .. tan 0 i : tan 621 ^>^<1 iR the null method. 
Ml : 3/2 - ’ 

EXAMPLES 


1. Explain the terms magnetic moment of a magnet 
and intensity of field. 

A magnet, placed at an angle of 30*^ with a uniform field 
of intensity ‘32, experiences a couple, whose moment is 8. 
Calculate the magnetic moment of the magnet. The length 
of the magnet being 5 cms., calculate its pole-strength. 

2. Find an expression for intensity at a point on the 
axis of a bar magnet. 

3. Prove that /’=// tan6. 

4. What IS a magnetometer? How would you compare 
magnetic moments of two magnets by its aid? 



498 


MAONETISM 


the distribution of free 
^ziven bar magnet. Des- 
obser\e in 


5. How would y-ou compare the intensities of two fields 
by the oscillations of a magnet^ 

6. Give a method of finding the magnetic length of 
a magnet. 

7. Draw a graph, showing 
magnetism along the length of a 
cribe in detail the precautions, which you would 
pei forming the experiment. 

8. Prove that the intensity due to an ‘end on’ magnet 
is twice that due to the same magnet ‘broadside on’, at the 
same distance; and prove the truth of inverse square law\ 

9. A magnet free to vibrate horizontally in the earth's 
field executes 20 vibrations per minute. Another small magnet 
IS placed due North, with its A"-seeking pole towards the 
North at a distance of 20 cms. from it, and the magnet takes 
tw'O minutes to make 50 vibrations. Compare the strength of 
the field due to the magnet with the earth’s horizontal field 
and find out its magnetic moment, if 7/ = ’18 dynes. 

We have 

if intensity due to the earth be represented by U and that 
due to the magnet by f, then we have 

H ^ (20)^ ... 16 . ^ 

intensity due to the 


( 25 )*-^ 25 ’ 

net reinforces that due to the earth. 

9 

or 16/"= 9// or x *18 dynes. 


mag- 


16 


23/ 


But approximately. 


23/ 

20 * 


or 


=.|x 

9 


'18 


X 

16 100 


20X20X20 


3f=405. 

10. A North pole of strength 30 units, experiences a force 
of 90 dynes, when placed at a given point in a certain field. 
Find the intensity of the field at the given point. 

Pole-strength of 30 experiences a force of 90 dynes. 

„ „ ,, 1 would expeiience ,, dynes. 

C/U 

Thus the intensity at the given point =3 dynes. 

11, Two magnets A and B, are made to oscillate in the 
same magnetic field; A performs 15 vibrations per minute 
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and B 10 vibrations per minute. The magnet A is then 
caused to oscillate m one magnetic field, and B in another. 
^4 now performs 10 oscillations per minute and B 20 vibrations. 
Compare the magnetic moments of two magnets; and also the 
intensities of the fields, m which A and B oscillate 
separately. 

Moment of 4 _ 15^ _ 0 

\i) i. — r~ 77 ~’iTr> — 7 » when both of them aie 

Moment oi B 10* 4 

oscillating in the same field. 

Let //be the intensity of the field, lu which .1 and /> 
oscillate together, 7/i and II 2 m which .4 and B oscillate 
sepal ately. 

rni 1 //i-.lO'^^lOO 

Then we have ,, — — 


Also 


II 225 

4 

i — 

2(H 


1 ) 


of //, 


;=4 


intensity ot field IIj 

[h ^ 

// 10 - 

. . the intensitv of field II > 4 times that of H, 

Therefore the latio of the intensities of the fields, 
winch A and B lespectively oscillate, is given by 
4_ 

S) 

12. Compare the horizontal comiionents of the Eaith's 
magnetic fields at Lahore and Delhi; given that dip at Lahore 
IS 45° and at Dellii fiO°, while the total intensity at Jailiore 
IS '24 gauss and at Delhi '18 gauss. 

As //=/ COS0 


4 or 1 9 


1 


At Tiahore we have, //= 24 cos 45''= 24 X- 7 

\/2 

= ’ 1 G 8 gauss 

o 


and at Delhi we have. // — '18 cos dO'^ = ’18X ^ 


= 154 gauss 

13. A magnet, whose strength is 200, is placed in a 
uiutonn field of intensitv O’o gauss. What aie the forces which 
act upon its poles’^ 

The force acting on .V-seeking pole will be 200X0 5 
= 100 dynes. 

And the force acting on /S-seeking pole will be 200X0 5 
= — 100 d>nes. 

14. The magnetic moment of a bar magnet, which 
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weighs 65 grams, is found to be 1250. If the density of steel 
be 7*9, find the intensity of magnetization. 

15. The length of a magnet is 16 cms. and the strength 
of its pole is 15 units. Find the intensity at a point on the 
axis of the magnet at a distance of 40 cms. from its centre. 

16. The moment of a magnet is 1000 in C.G.S. units. 
How much work is done in turning it through 90° from the 
magnetic meridian, in a horizontal plane, at a place where 
the horizontal intensity is 0*16 gauss. 

{London, B, Sc. Pa8S-1902). 

17. The magnetic moment of a short magnet is 1000 
C.G.S. units. Find the intensity of its field, at a point on 
its axis produced and 20 cms. from its centre. Find the 
intensity of magnetization, if the magnet is 10 cms. long and 
2 sq. cms. area of cross-section. 

18. A magnetic needle makes 12 oscillations a minute 
under the earth’s force alone. Under the influence of the 
earth and a magnet A, it makes 14 oscillations; and 16 
oscillations when A is replaced by another magnet B, Com- 
pare the magnetic intensities at the point, due to A and B. 
{Punjab, 1915-16), 

19. A magnet AB, 24 cms. long, has poles of strength 
27 units. What will be the force, due to the magnet upon 
a pole of strength 9, placed at a point C. 12 cms. from B on 
the line AB produced. {Punjab, 1916-11), 



CHAPTER III 

TERRESTRIAL MAGNETISM 

271. The Earth as a Magnet. — The manner in 
which a freely suspended magnetic needle stcings to and 
fro^ and finally comes to rest, pointing approximately N 
and 8, even in the absence of any neighbouring magnet, 
shows that at all points on tlie earth’s surface a magne- 
tic field exists, in which the lines of force are approxi- 
mately parallel to the geographical meridian of the 
place. This magnetic field is supposed to be due to the 
earth’s magnetism; but whether the earth itself is a 
permanent magnet or its magnetism is due to some 
other cause is as yet not known with certainty. The 
simplest explanation is to consider a very long magnet 
embedded in the earth’s surface, with its north-seeking 
polarity in the neighbourhood of south geographical 
pole and its south-seeking polarity in the neighbour- 
hood of north geographical pole; and further it is to 
be assumed that the distribution of free magnetism on 
this very long magnet is rather irregular. These 
assumptions are based on the fact that the actual field 
on the earth’s surface resembles pretty closely with the 
magnetic field, that should result from a long magnet 
with somewhat irregular distribution of magnetism. 

272. Magnetic elements. — The quantities, which 
completely determine the magnetic field of the earth, 
are called the magnetic elements. 

These are : (i) Declination, (/i) Inclination or Dip 
and {in) the horizontal component of the Earth’s 
Intensity at that place. 

The Declination at any place is the angle which a 
magnetic needle^ suspended so as to move freely in a 
horizontal plane ^ makes with the geographical meridian 
of the place. Hence if we know the geographical meri- 
dian and the declination at the place, we can at once 

601 
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get the magnetic meridian or the vertical plane, in 
which the magnetic axis of a freely suspended magnet 
would set itself. The Inclination or Dip at a7iy place, is 
the angle tchich a magnetic needle, free to move in a net - 
ftcal plane, makes frith the horizontal, irhen placed in the 
magnetic meridian. This gives the direction of the Earth’s 
Resultant magnetic intensity in the magnetic meridian. 

273. Intensity of the Earth’s force or /. It is the 
total intensity of the earth acting at the place. This we 
can find out, if we know the horizontal component of 
the earth\^ intensity and the Inclination or Dip at that 


place. 

For if the total magnetic intensity at any place be 


represented both in magnitude and 
direction by AI, then this can be 
resolved into two components AH 
and A V, acting perpendicular to 
each other, as shown in fig. 23. The 
intensity Al of the field can be 
found by measuring AH, the hori- 
zontal component; 


-=cos IHAI, 



orthdtJ/ = , 

cos Z HAl ’ 


Fi«. -23 


where Z /Z4/=the Uip, as iletiiiod above; i.e. the, 
total intensity is equal to the horizontal intensity divided 
try the cosine of the Dip. 

274. Declination To determine the decimation, it 
is necessary to find out the geographical and magne- 
tic meridians and to measure the angle between them. 
The easiest and accurate way of determining geographi- 
cal meridian is to fix a straight wire about a foot long, 
upright on level ground, where the Sun can shine 
upon it. About an hour before noon, mark the direc- 
tion and length of the shadow of the wire. Draw an 
arc of the circle with radius equal to the length of the 
shadow and base-point of the vertical wire as centre. In 
the afternoon, when the end of the shadow again 
reaches the arc and hence is of the same length as an 
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hour before noon, mark its direction. Draw the bisector 
of the angle between these two directions of shadows 
of equal length: and this bisector gives the true geogra- 
phical N and /S,'^ To determine the magnetic meridian, 
a bar magnet is suspended in a stirrup by an unspun silk 
fibre Siiid short pieces of fine silver wire are attached to its 
ends by a piece of sealing-wax. These fine wires should 
be perpendicular to the faces. When the suspended 
magnet comes to rest, points are marked to denote the 
positions of the two end wires. The magnet is then turned 
upside down, so that the top face becomes the bottom 
face and vice 'Versa; and points a re marked again to denote 
the positions of the two end wires as before. The respec- 
tive poipts are joined and the angle between them is bi- 
sected. This bisector gives the position of the magnetic 
meridian. The angle between the magnetic meridian and 
the geographical niendian NIS^ as found before, gives 
the Declination of the place. 

Declination varies from place to place on the* 
earth’s surface. In India the declination is zero at all 
places, having the same latitude as Pondicherry. To the 
north of this, the declination is easterly: while to the 
south of this, it is westerly. Lines 
joining those places on the surface of 
the earth, where the declination is 
the same, are called isogonic lines; and 
the lines joinuig those places, Avliere 
the declination is zero (such as at 
Pondicherry), are called agonic lines. 

275. Inclination or Dip. To find 
Dip at any place take a needle 
mounted so as to move freely m a 
vertical plane and place it in the mag- Fuf. 24 
netic meridian. The angle which such a needle makes 
with the horizontal is the angle of ‘Dip.’ An instrument 
for measuring the angle of Dip, is called a Dip-needle 
and is shown in figure 24. 

* The direction of shadow at 12 noon gives the true geogiaphical 
north, but it is rather difiicult to get exact time. 
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For accurate measurement of the angle of Dip, 
a delicate instrument known as the Dip-Circle is used. It 
consists essentially, as shown in fig. 25, of a horizontal 
circular wooden table, 
with three levelling 
screws and this is pro- 
vided with a circular 
scale divided into 
degrees. Over this 
horizontal table, moves 
a vertical rectangular 
frame with a vernier 
at its base; such that 
it moves along the 
horizontal circular 
scale, when the rec- 
tangular frame is ro- 
tated. This frame 
carries a vertical gra- 
duated circle, in front 
of which a needle sup- 
ported on a rigid hori- 
zontal axis, moves free- 
ly in a vertical plane. 

The axis must coincide 
with the centre of gra- 
vity of the needle, in Fig. 25 

order that it may be absolutely independent of the force 
of gravity and be capable of being influenced by mag- 
netic forces only. The axis should pass through the 
centre of the vertical scale, which is so graduated as to 
have its zero-line in the horizontal plane. 

To determine the Dip, the instrument is first per- 
fectly levelled by means of levelling screws; and this 
is shown by the spirit-level at the top of the vertical 
frame, which is then turned round, until the needle is 
vertical. When this is the case, the plane of the needle is 
at right angles to the magnetic meridian; because the 
vertical position of the needle shows that the horizontal 
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component of the Earth’s force is not effective in making 
the needle point North and South, but simply produces 
a pressure on its ^bearings\ But a force has no effect 
in a direction perpendicular to itself”, therefore the 
direction of the plane of the suspended needle must be 
perpendicular to the magnetic meridian. 

Hence to set the needle in the magnetic meridian, 
the whole vertical frame is now rotated through 90®. 
The needle being tlius set in the magnetic meridian, 
the reading of the angle, which the needle makes with 
the horizontal, gwes the angle of Dip or Inclination. 

In practice however, to ensure accuracy of the Dip 
and to eliminate all possible errors, due to want of 
exact adjustments between the needle and the scale, the 
mean of the following observations, gives the true angle 
of Dip: — 

(/) Beadings of both ends of the needle are taken to 
eliminate error, due to the axis of suspension of the needle, 
not passing through the centre of the circle. 

{it) The veitical scale is turned through 180°; and read- 
ings of both ends are taken again to eliminate eriois due 
to : (a) non-coincidence of the magnetic axis of the needle 
with its geometrical axis, and [h) zero-line of the vertical 
circle, being not truly horizontal. 

{iii) Observations (/) and {it} above, aie repeated after 
turning the needle over, with respect to the scale, to elimi- 
nate errors due to the centre of gravity, not lying on its 
geometrical axis. 

{iv) Observations (e), {it) and (m) are repeated by 
remagnetizing the magnetic needle in the reverse direction, 
to eliminate error, due to non-coincidence of the centre of 
gravity with its point of suspension. 

The mean of the sixteen readings thus obtained, 
gives true value of the Dip* The student should himself 
draw figures to explain the theory of the above four 
corrections. 

TAe Dip, like the declination, differs in different 
localities. Near the equator, places arc known wdiere 
the Dip is zero. The line joining all these places, is 
called the magnetic equator or the Aclinic line. As the 
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needle is moved northwards or southwards, the Dip in- 
creases. Lines joining those places, where the angle 
of Dip is the same, are called Isoclinic lines. 

276. The Horizontal component or //. It has 
been explained above that if //, the horizontal compo- 
nent and the Dip are known, the intensity due to eartli\s 
field becomes known. In fact, it is usual to determine 
because owing to the action of gravity, it is conve- 
nient to work in a horizontal plane. To get the value 
of //, it is necessary to perform two experiments: — 

(D A given magnet is set oscillating by a silk 
fibre^ inside a glass-covered box, and the time of one 
complete oscillation is accurately measured; then we 
have: — __ 

T=2ir \/ A 

V MU 


or 2^= 


or MU= 


4ir2A' 

Wli 

4ir2A' 

‘ 


,(/) 


{ii\ The deflection produced in a magnetometer 
by the same magnet placed ^end on\ with its centre 
d cms. from the needle of the instrument, is measured; 


then we have tan© 

or ta„« 

H 2 


(/<) 


Dividing equation (*) by (j 7), we get 




A.’n^K 


2 


(fi tan© 


or 


H=z 


AL i / 2A' 

r V d’ tan© ' 


If tbe units employed in K, f and d aje in tlie 
C.G.S. system of units, then H is given in Gauss. 

Also multiplying equation (i) and («), 
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. ,,2 2ir2^d* - 

we get M^= — — X tan© 

or M=z~^ 2K(ti&ne 

277. Magnetic Variations. The magnetic elements 
vary not only from place to place, on the earth’s sur- 
face; but also from time to time at the same place. 
These variations are : (i) Secular, (it) Diurnal and 
{in) Aperiodic. 

(i) Secular variations are such, as would result, if 
the supposed long magnet embedded in the earth, were 
presumed to be rotating about the earth’s axis from 
west to east, in a period of about live centuries. 

(k) Diurnal variations are the changes, which 
occur regularly at various hours of the day. Tliese 
diurnal variations depend to a great extent upon the 
weather and season of the year. 

(iii) Aperiodic variations arc sudden changes in the 
magnetic elements. These are supposed to be due to 
what are called magnetic storms. The reason of these 
is an open question as yet. 

Magnetic storms. Sometimes magnetic elements 
undergo violent changes ; those are called magnetic 
storms. Such storms generally occur during the maxi- 
mum display of Aurora Borealis and on this account 
it has been suggested that these storms are due to 
electrical disturbances in the atmosphere. 

278. The directive action of the earth. Take a 
cork and over it place a magnetic needle. Let the cork 
float on the surface of water. The cork and the needle 
turn so that the needle points in the M and S directions; 
but the cork as a whole does not move either way. This 
shows that the action of the earth’s field is directive 
only and not translatoiy. The reason is that the length 
of the needle is very small as compared to the diameter 
of the earth and hence the field in the small area occu- 
pied by the needle and the cork is uniform. The 
efifect of this field on the two opposite poles of the mag- 
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net is equal in magnitude but opposite in direction and 
hence the magnet as a whole does not move either way. 

Now bring a strong artificial magnet near to the 
floating magnetic needle. Notice that the needle and the 
cork move either towards or away from the magnet, de- 
pending upon relative positions of the two. The reason 
IS that in this case, the field due to the artificial magnet 
is not uniform in the area occupied by the magnetic 
needle. 

279. The Mariner’s compass. The figure represents 
the modern form of the 
compass as designed by 
Lord Kelvin. It consists 
of 8 separate needles, 
varying in length from 
2 to 3^3 inches, arrang- 
ed as shown in the fig. 

The card consists of a 
thin aluminium rim, on 
which is fixed a paper- 
scale divided into 32 
mam divisions; the rim 
is connected by 32 silk- 
threads to a central disc, 
containing an inverted 
sapphire cup, which rests on a vertical 
The total weight is about 1 1 gms. The advantage of 
this arrangement is that magnetic moment is small; 
while the moment of inertia is great, as compared to its 
weight. The period of vibration is thus considerable — 
a very important condition for steadiness in a heavy 
sea. To make the arrangement still more steady, the 
whole instrument is supported on gimbals. 

SUMMARY 



Fig. 26 

iridium point. 


1. The Earth’s magnetism is supposed to be due to a 
very long magnet, embedded under its surface, with its 
N-seeking polarity near to the iS'-pole of the Earth; and 
vice versa. 

2 . The quantities which completely determine the 
magnetic field of the Earth are called the magnetic elements. 
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3. These are* (/) Declination, {ii) Inclination and 
{lit) The Honzontal Intensity, 

4 . Declination is the angle between the geographical 
meridian and the magnetic meridian at the place. 

5. Inclination Or Dip is the angle, which the direction 
of the total magnetic intensity makes with the horizontal, in 
the magnetic meridian. 

6. Total Intensity is the force acting on an isolated unit 
A’^-seekmg pole, when placed on the Earth’s surface along the 
direction of the total intensity. 

7. Horizontal component or H IS the component of the 
Earth’s intensity in the horizontal direction. If H is known, 
then the total intensity I is given by the formula, 

77080 ’ where© is the angle of Dip. 

8. The value of H is found by {i) determining the time 
of oscillation of a magnet and {ii) the deflection produced 
in a magnetometer needle in the *end on’ position, by placing 
the magnet at d cins. from the needle. 

9. Lines joining all places on the globe, where the 
declination is the same, are called Itogonic lines; and the line 
joining all places on the globe, where the declination is zero, 
IS called the Agonic line. 

10. Lines joining all places on the globe, where the Dip 
IS the same, are called Isoclinic lines, and the line joining all 
places, where there is no Dip, is called the magnetic equator 
or the Aclinic line. 

11 . The magnetic elements at one and the same place 
change from time to time. These changes are classed as 
W Secular, (ii) Diurnal and (iii) Aperiodic 

12 . The Earth’s force on a magnetic needle on the 
Earth s surface is directive only and not trauslatory. 

EXAMPLES 

1. Describe the nature of the magnetic field on the 
suiface of the Earth. To what would you assign the Earth’s 
magnetism to be due*^ 

2. What are the magnetic elements of the Earth? De- 
fine them as clearlj’’ as you can. 

. , , (jive methods of finding Decimation and Inclination 
m the Laboratory. 
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4. Discuss the various sources of error in finding the 
angle of Dip by the Dip-circle and say how you would 
eliminate those errors? 

5. What do you understand by earth’s intensity? How 
would you calculate intensity, when its horizontal component 
H is known? 

6. Describe a method of finding II and also the mag- 
netic moment of a magnet. 

7. What aie magnetic storms^ What is their effect 
and what can possibly be the cause of such magnetic 
storms? 

8. It is said that earth’s magnetic force is directive 
and not translatory. What is meant by the above statement 
and how would you furnish proof of it experimentally? 

EXAMINATION QUESTIONS XI 

1. Explain the terms magnetic pole, intensity, poten- 
tial, permeability, magnetic moment, consequent pole and 
neutral point. 

2. What do you understand by a line of magnetic 
force? A thick soft iron pipe is placed vertically between 
the poles of an electro-magnet, a card is placed over the poles 
and iron filings sprinkled over it and tapped. Very few iron 
filings collect over the hole Explain this. {F. U, 1929). 

3. A short magnet is placed with its north pole point- 
ing south. The neutral point is found to lie at a distance of 
10 cms. from its middle point; calculate the moment of the 
magnet, *32 Gauss. (F. U, 1929). 

4. Explain fully the terms. (/) Declination, (u)Dip and 
(m) Intensity of eaith’s magnetic field at a place. Show 
that a knowledge of these three completely determines the 
earth’s field at a place. 

Calculate the total force of the earth’s field at the place, 
supposing the dip to be 30® and the horizontal component 
=0*48 gauss. {P,U. 1930). 

5. What are the magnetic elements of a place? Define 
magnetic dip, magnetic poles and magnetic equator. 

A sailor observes the position of the AT-point of his com- 
pass and then ascertains that the Declination is 22^— 20'Tl’'. 
What angle must his course make with the magnetic needle 
so as to steer due west? {P.U, 1914). 

6. Two exactly similar magnets are fixed horizontally 
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in a stirrup, with their axes at right angles. Explain how 
they set themselves when suspended. Illustrate by a dia- 
gram showing the forces acting. {P.U. 1915). 

7. What IS meant by the strength of a magnetic field 
at a point? Find an expression for the magnetic field at a 
point lying on the equator of a short magnet. {P.U, 1928). 

8. A magnet lies with its axis at an angle 6 to a uni- 
form magnetic field, calculate the moment of the couple 
exerted. If in the above case, the magnet be freely suspend- 
ed and the inclination Q be due to perpendicular field, show 
that 


rp Deflecting field 
^an^- Controlling field 


{P,U, 1926). 




CURRENT ELECTRICITY 

CHAPTER I 

VOLTAIC CELL 


280. Introductory. — Take two conductors A and 
R, charge A with positive and B with negative elec- 
tricity. Now connect A and R by a thin wire. Positive 
electricity would flow from A to R, the potential of 
the two conductors would be equalized and the flow 
stopped. This is quite similar to the flow of water from 
one cistern to another at a lower level. The water 
would go on flowing so long as the level of the liquid 
in one cistern is higher than that of the liquid m 
the other. In this case, it is clear that if we want to 
maintain a continuous flow from A to B, the level of 
the liquid in cistern A should always be kept higher 
than the level of the liquid 
in cistern R. This can be 
arranged by transferring 
the liquid in R to A by 
the aid of a water-pump, 
as shown in fig. 1. To 
work the pump, energy 
must be spent. Thus, it 
is clear that to keep a con- 
tinuous flow of the liquid, 
two things are necessary; 

(i) The level of the liquid 
in A should always be 
higher than that of the 
liqnid in R and {ii) Energy 
to work the pump, to 
maintain the difference of Fm. 1 

levels, is essential. This hydrostatic analogy holds good 
in the case of electricity. For, to maintain a continuous 
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flow of electricity from A to B, all what is required is* 
(?) the potential of A should he higher than that of 
B and (^^) it should be possible to maintain this difference 
of potential by supplying energy, 

281. Voltaic cell. — Volta found that both the 
above conditions are fulfilled, when a strip of copper and 
a strip of zinc are placed in a vessel containing: dilute 
sulphuric acid and connected by a wire. In this simple 
arrangrement, it is found that the copper and zinc 
strips are kept at different potentials and the energy to 
maintain this difference of potential is supplied by the 
chemical energy. Thus a constant current of electricitj’ 
flows from copper, which is at a higher potential to 
zinc*, which is at a lower potential. 

282. Theory of voltaic cell. — To get an explana- 

tion of the working of a voltaic cell, we see that 
the essential difference between zinc and copper is 
that zinc has a far greater chemical affinity for oxygen 
than copper has. Next we see that the liquid, in which 
strips of these tAvo metals are placed, is a dilute solution 
of sulphuric acid. In this solution, according to the 
theory of electrolytic dissociation, the molecules break 
up into their constituent atoms or groups of atoms, 
which differ from ordinary atoms of a Chemist in that 
they always carry a small amount of charge. To these 
is given the name of ions. Thus the molecules of 
sulphuric acid, in the solution, break up into hydrogen 
[1?+] and sulphion ions. The latter are incapable 

of separate existence and so combine with the hydrogen 
ions of water, forming sulphuric acid once again and 
liberating oxygen [O"^] ions. Hence to sum up the 
matter, we say that water molecules are broken up into 
ions. An oxygen ion carries a negative charge and is 


• It is a conventional and most accepted way of describing the whole 
phenomena; for we might, equally well, say that negative electricity flows 
from zinc to copper Recent investigation has demonstrated the cer- 
tainty of the fact, that an electric current consists in the transference of 
electrons from zinc to copper. For the sake of convenience and uni- 
formity, it is advisable to stick to the old nomenclature and to describe 
the current as proceeding from points of higher to points of lower potential. 
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called electro-negative element^ while a hydrogen ion 
carries a positive charge and is called electro-positive 
element When copper and zinc plates are immersed in 
such a solution, the first chemical change which takes 
place is, that both copper and zinc attract oxygen ions 
towards themselves, on account of their chemical affiiiitv 
for it. As oxygen ions carry a negative charge, both 
the copper and zinc plates become negatively charged; 
but the zinc plate is more highly charged with 
negative electricity than the copper one, for the affinity 
of the former for oxygen is far greater than that of the 
latter. So the copper plate would comparatively be at 
a higher potential than the zinc plate; and when the two 
are connected by a wire, positive electricity flows from 
copper to zinc and equilibrium is destroyed. The zinc 
plate becomes less strongly charged with negative elec- 
tricity and again attracts oxygen ions; while the copper 
plate becomes more strongly charged with negative elec- 
tricity and therefore repels the oxygen ions, instead of 
attracting them. In this way a continuous current of 
positive electricity flows from copper to zinc through 
the wire and from zinc to copper in the liquid. This 
last step is made intelligible, when we see that oxygen 
ions carrying negative charges move towards zinc in the 
liquid; they are equivalent to a negative current flowing 
towards the zinc plate or a positive current flowing from 
the zinc plate towards the copper plate. The copper 
plate is called the positive pole^ and the zinc plate the 
negative pole of the voltaic celt 

In this cell, we have used copper and zinc plates; 
but any two substances, which attract oxygen to 
markedly-different extents, may be substituted for them. 

283. Polarization — In theory, the simple cell des- 
cribed above should go on working so long as the chemi- 
cals in it are not exhausted; but in practice, it is found 
that after a short time, the current weakens and ulti- 
mately stops. Experiment has shown that it is due 
to the deposit of a thin film of hydrogen on the copper 
plate^ and the name given to this is Polarisation, 



616 


CURRENT ELECTRICITY 


This layer of hydrogen aifects the working of the cell 
in the following ways: — 

1. Each small portion of the copper plate, to which a 
bubble of hydrogen adheres, is protected from the acid; 
and thereby the effective area of the copper plate is 
reduced. 

2. Hydrogen is a bad conductor and therefore offers 
a great resistance to the passage of current. 

B. The hydrogen attached to the copper plate attracts 
the oxygen ions in the liquid, even more strongly than the 
zinc plate does, the effect of which is to send a current in 
the opposite direction. 

4. The hydrogen decomposes the zinc sulphate formed 
in the cell and produces a deposit of zinc on the copper 
plate. 

284. Local Action. When plates of copper and 
zinc are placed in dilute sulphuric acid and connect- 
ed by means of a wire, current flows from copper to 
zinc and bubbles of gas are seen to rise from the sur- 
face of both plates. On breaking the wire connection, 
bubbles are seen to rise from the zinc plate only; thus 
showing that the chemical action between zinc and 
dilute sulphuric acid goes on, even when no current is 
flowing and this represents waste of chemical energy. 
This action goes on only when ordinary zinc, with its 
impurities mostly consisting of carbon and iron, is 
used; and ceases altogether, if a plate of pure zinc be 
substituted for it. Thus this action is due only to the 
presence of impurities in the zinc plate and is known as 
Local Action, The impurities act like copper plate in 
a voltaic cell and so chemical energy is wasted in 
maintaining local circuits. This local action is injurious 
to the cell in two ways: First, the chemical energy is 
wasted without any gain of electrical energy; and 
secondly, this local action heats the contents of the cell 
and raises their temperature, by which the resistance of 
the cell is increased. 

Local action can be prevented by amalgamating, 
the zinc plate. The method consists in first cleaning 
the surface of the zinc plate with a httle quantity of 
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dilute sulphuric acid and then rubbing it over with a 
drop of mercury. The mercury dissolves the zinc and 
covers the whole plate with a thin layer of this amal- 
gam. The impurities, such as carbon and iron, being 
unaffected by mercury, are covered over by zinc amal- 
gam; and thus local action is prevented. 

285. Electromotive force. Generally written as 
for the sake of brevity, it is popularly 

defined as whatever causes motion of electricity. 
But, this is not foi'ce in the dynamical sense of the 
word; because Newton has, once for all, defined force 
as that which produces or tends to produce motion in 
matter, E,M,F, is quite aditterent thing from Newton^s 
force, for it acts not on matter but on electricity. It 
has already been explained, that flow of electric current 
is always due to the difierence of potential existing 
between the two plates of a voltaic cell. This differ- 
ence of potential is the measure of the E.M.F. of 
the cell, but it is not the E.M.F, itself. »Just as in 
water pipes, difierence ot levels produces pressure 
and the pressure produces flow; so difference of po- 
tential produces electromotive force, which drives the 
current. The difference of potential is sometimes 
spoken of as E.M.F.,, for the sake of convenience; but 
the distinction between the two must not be lost sight 
of. When the circuit of a cell is open] that is, when 
its poles are not connected by a wire, the difierence of 
potential between the poles is equal to the E. M. F. 
But when the circuit is closed, the K M.F. is spent in 
driving the current; and therefore the difference of po- 
tential between the poles cannot be equal to the E.M.F. 

The unit of E M F. is not the same, as the unit of 
potential in electrostatics. The actual practical unit, 
called the volt^ would be defined later. However, to form 
a rough idea of the magnitude of the unit, we can say 
that the E.M.F. of a DanielPs cell is very nearly equal 
to a volt. 

286. Resistance. The strength of a current does 
not depend only on the force tending to drive the 
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current round the circuit; but also on the resistance, 
which it has to overcome in its flow. Developing the 
hydrostatic analogy cited above, we see that the 
amount of water, which runs through the pipe, does not 
depend on the pressure alone, but also on the resistance 
that it meets with. For, if the boro of the pipe is very 
small or if it is choked with pebbles etc., the water will 
flow more slowly than otherwise. 

From what has been said above, it follows that the 
resistance of a conductor depends both upon its dimen- 
sions and the nature of the material. The practical 
unit of resistance is called an Ohm^ which will be de- 
fined later on. 

287. Current. The strength of a current is de- 
fined as the quantity of electricity^ which flows across 
any section of an electric circuit in one second. The 
practical unit of current is called the Ampere-, and that 
of quantity of electricity, the Coulomb. 

SUMMARY 

1. To maintain a constant flow of electricity, it is 
necessary to ensure a difference of potential and a supply 
of energy to keep up that difference of potential. 

2. A simple voluic cell consists of a copper and a zinc 
plate, immersed in dilute sulphuric acid. 

3. The current flows from copper to zinc in the wire 
and from zinc to copper in the liquid. 

4. The difference of potential between copper and 
zinc exists, on account of different degrees of chemical 
affinity, which they have for oxygen. 

5. The deposition of hydrogen on copper plate is 
called polarization. It affects the cell in the following four 
ways ; — 

(а) The effective area of copper plate in contact with 
dilute sulphuric acid is reduced. 

(б) The resistance of the circuit is increased. 

(c) It tends to send a current in the opposite direction. 

(d) Zinc begins to be deposited on the copper plate. 

6 . The chemical action, which goes on between the 
zinc plate and dilute sulphuric acid, when no current is 
flowing, is called local action. This is always due to impurities 
in zinc. It can be prevented by amalgamating the zinc rod. 
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7. Electromotive force is that which drives the current. 
It is equal to the difference of potential. The practical 
unit of EM F, is called a volt and is nearly equal to the 
EM,F^ of a Darnell’s cell. 

8 . The quantity of electricity flowing through any 
sectioti, in one second, is called the Current. The practical 
unit is called an Ampere. 

9. Resistance is the obstruction offered to the flow of 
current. The practical unit is called an Ohm. 

EXAMPLES 

1. What are the necessary conditions for the flow of 
current’ Illustrate your answer by hydrostatic analogy. 

2. Describe a simple voltaic cell and give a very brief 
theory of its actions. 

3. What are Local Action and Polarization? How 
would you prevent the former? 

4. What do you understand by electromotive force, 
resistance and current? Name their practical units. 



CHAPTER IT 

CELLS 

288 . The essentials of a good cell. A good cell 
should fulfil the following conditions: — 

1. Its E.M,F. should be high and constant. 

2. Its internal resistance should be small. 

3. No chemical action should go on in the cell, 
when no current is flowing. 

4. It should be cheap and durable. 

o. It should not give off pungent fumes. 

(i. It should be free from polarization. 

We have seen, how a deposit of hydrogen (called 
polarization) on the copper plate of a simple voltaic 
cell, prevents the flow of an electric current. Various 
forms of cells have been devised with the object of re* 
moving this deposit and of attaining as many condi- 
tions as possible, which are necessary for a good cell. 
To attain this end, three ways have up to this time 
been resorted to. They are: — 

(/) Mechanical. In this method: {a) hydrogen 
bubbles are brushed off as they are formed, or (fr) the 
positive pole is made rough, hydrogen bubbles col- 
lect on the numerous fine points and float off* on ac- 
count of buoyancy. An example of this form i« 
Smee’s cell. 

(ii) Chemical. In this, some oxidizing agent is 
introduced in the cell; so that the hydrogen evolved, 
instead of being liberated on the positive pole of the 
cell, is oxidized. Examples of this class of cells are the 
Bichromate and the Bunsen’s cell. 

(iii) Electrochemical. In this method, hydro- 
gen is exchanged for some other substance. An example 
of this class is the DanielPs cell. 

(1) Smee’s cell. This consists of a zinc and a 
platinized silver plate, dipping into dilute sulphuric 
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acid. The silver plate, on account of a rough coating 
of platinum, gives up hydrogen bubbles freely ; but 
inspite of this, the current falls very quickly and the 
cell is not at all suited for any useful purpose. 

(ii) Bichromate cell. This consists of a zinc plate 
attached to a brass rod, which slides up and down a 
brass tube passing through an ebonite cork. By this 
means, the zinc plate can be lifted out of the Iniuid, when 
no current is required. There are two carbon plates, 
one on each shle of the zinc 
plate. These are attached to the 
cork and also have metallic con- 
nection with each other so as to 
form one plate. By this arrange- 
ment, the area of the carbon 
rod is increased and the resis- 
tance of the cell is greatly dimi- 
nished. The liquid is a mixture 
of dilute sulphuric acid and po- 
tassium bichromate (K2Cr207). 

The actions which take place 
are : — 

(a) Chromic acid and po- 
tassium sulphate are formed 
according to the following equa- 
tion — 

K2Cr207 + 7112^04+ ir20=2H2Cr04 + K 2 S 04 -K)H 2^^04 
(h) When the circuit is (dosed, sulphuric acid 
acts on zinc, forming zinc sulphate. The hydrogen 
produced is oxidized to form water by the chromic acid, 
which is reduced to chromic oxide, the latter dis- 
solves in sulphuric acid and forms chromium sulphate, 
according to the following equation — 

6H2SO4 + 3 Zn + 2H2Cr04= Cr2(S04l3 + 3ZnS04 + ) 

(c) Further a secondary action takes place between 
potassium sulphate and chromium suljihate, forming 
chrome alum, according to the following equation — 
K 2 SO 4 -I- Cr2(S04)3=K2Cr2(S04)4 
The last is a useless product. 
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Instead of potassium bichromate, chromic acid is 
now generally employed; because by so doing, chrome 
alum, a useless product, is not formed and also because 
chromic acid dissolves much more readily than potas- 
sium bichromate. 

The E,M,F. of this cell is ecjual to 1*5 volts. This 
remains constant only for a short time and then rapidly 
falls; but it recovers considerably if the cell be put out 
of action for some hours. This cell is convenient to 
use, when current is required for short intervals only. 

To keep the zinc plate amalgamated, a small amount 
of mercurous sulphate may be added to the solution. 

Leclanche cell. It consists of a rod of carbon C, 
placed in a porous cell, which 
IS then filled with manganese 
dioxide and pieces of carbon. 

The porous cell and the zinc 
rod are both placed in an 
outer vessel, ' which contains 
ammonium chloride solution. 

The chemical actions which 
take place in the cell aro: — 

(a) The ammonium chlo- 
ride acts on zinc, forming zinc 
chloride, hydrogen and ammo- 
nia gas. 

2NH4CI + Zn=ZnC]2 + 2NH3 + H2 

(fo) Ammonia gas comes out, while hydrogen pene- 
trates into the inner porous cell and is oxidized by 7 )ian- 
ganese dioxide^ according to the following equation — 

2Mn02 + 112= MngO^ + IJgO 

Thus manganese is converted to a lower oxide? 
which however, if left to itself acquires oxygen from 
the atmosphere and is again converted to manganese 
dioxide. 

The E. M, F, of this cell varies from 1*48 to 1*61, 
which falls off rapidly on account of the fact, that 
hydrogen evolved is not readily oxidized by manganese 
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dioxide; but if left to itself, it regains its original 
strength. It is very suitable for getting intermittent 
currents and hence is largely employed for ringing 
bells, etc. 

Grove’s cell. It consists of an outer vessel of glass 
or china-clay, which 
contains a bent thick 
sheet of zinc, dilute 
sulphuric acid and a po- 
rous vessel. In the 
latter is placed, a thin UNO 

sheet of platinum im- ^ 

mersed in strong nitric 
acid, which acts as an Pt 

oxidizing agent. 

The chemical ac- 
tions, which take place 
are: — [a) zinc sulphate 
IS formed and hydrogen 
evolved according to Fia. 4 

the following equation — 

Zn -h 1 l2H04=ZnSO4 + H 2 . 

This hydrogen penetrates into the porous cell an<l 
IS oxidized to form water and nitrogen peroxide is 
given off' — 

H2+ 2HN03=2I 120 + 2NO2 

The E,M.F. of this cell ranges from 1*78 to r9f) 
volts and remains fairly constant. This is very ex- 
pensive on account of platinum and strong nitric acid 
used. It gives off nitrogen peroxide fumes, which are 
very injurious. It is used, when strong currents are 
required. 

Bunsen’s cell. It is very similar to the Grove’s cell 
described above, with the modification that a carbon rod 
is used instead of a platinum sheet It makes the C(dl 
rather cheap. On this account, it has now chietly 
replaced Grove’s cell. 

{Hi) Daniell’s cell. In this cell, hydrogen is not got 
rid off by oxidation, but by a substitution reaction. It 
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consists of an outer copper-vessel which contains satu- 
rated solution of copper sulphate and a porous cell. The 
latter contains a zinc 
rod immersed in dilute 
sulphuric acid. The 
outer copper vessel 
itself acts as the posi- 
tive pole of the cell 
and to keep the copper 
sulphate solution satu- 
rated, crystals of cop- 
persulphate are placed 
on the ledge. 

The action of the 

cell is as follows : — 

Zinc sulphate is form- Fio. 6 

ed in the porous cell and hydrogen evolved comes out 
of it. It combines with the sulphate ion of the copper 
sulphate, to form sulphuric acid and copper is deposited 
on the outer vessel. 

(/) Zn + H2S04=ZnS04+H2 (inner vessel) 

(m) H2+CuS04=H2S04+Cu (outer vessel) 

Hence instead of hydrogen a thin film of pure 
copper is deposited on it. 

The FjM.F. of the cell varies between 1’07 and 
1*10 volts. It remains constant. It is used when a 
constant current is required for very long intervals. 

Dry cells. The ordinary cells described above, are 
unsuitable for handy work, because they are not con- 
veniently portable. For this purpose, the so-called dry 
cells are used. In reality, the cells are not dry and they 
can only work so long as the contents are moist. No 
doubt there is no liquid and hence there is no danger of 
its being spilt. 

All the various forms of dry cells are in reality 
modified forms of Leclanche cell. The well-known 
is the Burnley or E.C.C. cell. It consists of a central 
carbon rod, surrounded by a black paste made of 
manganese dioxide, carbon powder, ammonium chloride, 
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zinc chloride and gum. Outside this is a thin layer 
of white paste, made of Plaster of Paris, ammonium 
chloride, zinc chloride and flour. All this is contained 
in a zinc case, which acts also as the negative plate. 
The top of this is covered over by a layer of melted 
pitch and through this upper cover passes a small tube, 
which allows the ammonia gas to escape. 

The of this cell is '75 volt. It is capable 

of giving current for about 48 hours. 

The forms of cells suggested by electricians are too 
numerous to be dealt with here ; but the most impor- 
tant of them have been describee! above. 

SUMMARY 

1 . The essentials of a good cell are . — 

{(i) Its cheapness. 

(/>) Freedom from polarization. 

(c) High E.M.F. 

id) Low internal resistance. 

(c) No pungent odour. 

(/) No local action. 

2 . The various methods of preventing polarization are* — 
(u) Mechanical, {h) Chemical and (c) Electro-chemical. 

QUESTIONS 

1. What are the essentials of a good cell 

2. Desciibe a Bichromate and a Leclanche cell. 

3. Describe some form of a dry cell. 



CFIAPTER 111 

MAGNETIC EFFECTS OF CURRENTS 

289 . Take a magnetic needle piv^oted on a point, 
so that it can move free- 
ly in a horizontal plane. 

Hold a straight wire AB 
above tlie needle with 
its axis parallel to that 
of the needle. Con- 
nect the straight wire to 
the terminals of a battery 
through a reversing key, 
so that a current can be 
reversed through the Fig. b 

wire, whenever required. Press the key to allow 
current to flow from A to B, Notice that the .V-seeking 
pole IS deflected in the direction, shown by the arrow- 
head, figure 6. 

Now hold the wire under the magnetic needle 
and notice that the needle is deflected in the opposite 
direction. On reversing the direction of the current, 
the direction of deflection of the needle is also reversed. 
Keep the wire AB carrying the current perpendicular 
to the magnetic needle, no deflection i.s observed at all. 
Summarising, we have: — 

{i) Wire above the needle Deflection in one direction 

{a) „ below „ „ „ opposite „ 

(lii) above »» »» yy 

current reversed 

{iv) Wire below the needle, „ „ the same 

current reversed. direction as in (/). 

Prom the above results, it is evident that a current 
526 
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passing over the needle in one direction and a current 
in the opposite direction^ but under the needle^ both tend 
to deflect the needle in the same direction. The efiect 
of a weak current therefore, can be magnified by 
doubling the wire above and below the needle. 

It IS rather difficult to remember these results. The 
following rules have been given by various Physicists to 
express the relation existing between the direction of the 
current and the direction of deflection of the iV-seekiiig pole. 

(i) Oersted’s Rule. Stand in such a way that the 
current flows away from you and hold a watch 
facing you so that you can read the time. Then if the 
current be supposed to flow through the spindle on 
which the hands of the watch are mounted, the A^-seok- 
ing pole of the needle would turn in the same direction 
as the hands of the watch. Thus the A^-seekiiig pole 
would turn from left to right, if it is above the wire 
carrying the cm rent and from right to left, if it is be- 
low the wire. 

(li) Maycock’s Rule. Grasp the wire carrying the 
current with j^our right hand, so that the thumb points 
in the direction of the curient, then the A^-seeking 
pole of a magnetic 
needle placed on the 
fingers, would turn to- 
wards the nails and 
its AS-seeking pole, to- 
wards the knuckles. 

(tii) Ampere’s 
Rule. Suppose a man 
swimming with the 
current so as always 
to face the needle, the 
A^-seeking pole will 
bo deflected towards 
his left hand. 

The above men- 
tioned rules give the Pig. 7 

same result ; but Ampere’s is by far the easiest in 
its application. 
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290. Magnetic field round a wire carrying a 
current. Make a hole in a piece of card-board and 
allow a wire carrying a current to pass through it. 
Keep the wire vertical and the piece of card-board 
horizontal. Sprinkle iron filings by a sieve and tap 
very gently. The iron filings arrange themselves in 
concentric circles round the wire as their common 
centre, as in figure 7. 

To find whether the lines of force are in clock- wise 
or anti-clockwise direction, any one of the above 
three rules can be applied ; but the relation is far 
better expressed by the following beautiful rule, which 
we owe to Maxwell. 

{io) Maxwell’s Rule. The direction of the current 
and the positive direction of the lines of magnetic 
force, are related to each other in the same way, as 
the forward or backward motion of a right-handed 
screw is related to its direction of rotation. 

Maxwell’s rule is very useful, when we have to 
consider the magnetic effect produced by a current 
flowing in a loop of wire; because it applies either way 
Le . : (1) if the forward or backward motion of the screw 
corresponds to the direction of the current, its direction 
of rotation gives the direction of the lines of force, or 
(2) if the screw be rotated in the direction of the 
current, its forward or backward motion gives the 
direction of the lines of force. 

290. (a) Intensity due to a linear current. Biot 
and Savart showed that the magnetic intensity due to 
a current is directly proportional to the current and 
inversely proportional to the distance of the needle 
from the wire carrying the current. This can be shown 
to be true as follows ; — 

(i) Take a pivoted magnetic needle. Observe the 
number of oscillations, which it makes when placed at 
di and cms. from the current-carrying wire. Let 
these be m and per minute respectively. Stop the 
current and note down the number of oscillations, 
which it makes in the Earth’s field alone. Let it be w. 
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Then it is seen that ”o=-0= v *, 

— /2 di 

i,e. the intensify of the field varies inversely as the 
distance, 

{ii) Let n\ be the number of oseillations per 
minute at a certain point, when current C\ flows through 
the wire ; and 112 the number at the same point, when 
current (?2 Hows through the wire. Then it is found 

that intensity of the field 

n2^ — n^ J 2 ^'2 
vai'ies directly as the cm rent strength, 

Laplace proved the above relations matliematicajly 
from ceitain assumptions; but sucdi a proof is beyond 
the Intermediate syllabus 

291. Magnetic field due to a current in a circular 
wire. Pass the two ends of a piece of thick copper-wire 
through two holes in a piece of card-board and bend 
the wire into a circular form Keep the card-board in 
the middle, so that it cuts the circular loop into two 
hemispheres. Pass current through the loop and 
scatter iron tilings over the card-board. Notice that 
the lines of force are circular near the wires; but at the 
centre, they are normal to the plane of the cirtnilar 
loop of wire The positive direction can be readily 
obtained by a[)plying the Maxwell’s Eule stat(3d above. 

Hence in a small space, near the centre of the loop, 
the magnetic field is very approximately ant form; and is 
at right angles to the plane of the coil. 

Magnetic Intensity at the centre of a circular 
loop of wire, carrying a current. It can be proved 
that the force on a unit North-seeking pole, when 
])laced at the centre of a circular loop of wire 
of radius r and carrying a current of C units, varies as 

so that we can write 
r r 


2Tr(7 

Or - k, where fc is a constant, the value of 

which depends upon the units chosen. 
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Suppose we choose a unit of current, such that if 
it flows in a single circular loop of unit radius, it pro- 
duces a magnetic intensity of 27r dynes at the centre ; 
then if C=l, r=l, we have 

Substituting these in the above equation, 


we have 2‘ir=jfc 


2'jr X 1 


fr=l. 


Or F- 
be adhered to; 

and F= 


if the above unit of current 


when there are n such cir- 


cular loops. 

The unit above considered is the C^G.S. electromag- 
netic unit of current. It may be defined as follows A 
current is said to be of C.G.S. electromagnetic unit 
strength^ which flowing in a single circular coil of unit 
radius^ produces a magnetic intensity of 2v dynes at its 
centre, 

292. The Practical Units : The Ampere. As 

already stated, it is the practical nnii oi current; and is 
of the electromagnetic unit of current. It may he dc- 
fined as the current^ which floicing in a single circular coil 

of unit radius^ produces a magnetic intensity 


dyne at the centre of the circle. 

Coulomb. It is of the electromagnetic unit of 
quantity of electricity ; and is the quantity of electricity 
conveyed by one ampere in one second or the quantity re^ 
quired to deposit 001118 gram of silver by dectrolysis. 

Having defined the units of current, both electro- 
magnetic and practical, it appears expedient to define 
the units of E.M.F, and resistance. 

The electromagnetic unit of E.M,F. is defined as the 
difference of potential existing between two points^ such 
that one erg of work is done in moving an electromagnetic 
unit quantity of electricity from one point to the 
other. This unit is too small to be used for practical 
purposes ; and the practical unit employed, called 
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the volt, is 10® electromagnetic units. It is defined as 
the difference of potential between two points, such 
that one joule (10’ ergs) of work is done in moving one 
coulomb (10“^ absolute unit) of electricity from one 
point to the other. 

The electromagnetic unit of resistance is defined as 
the resistance of a conductor, which allows a current of 
one electromagnetic unit to flow, when the difference ot 
potential existing at its ends is also ecpial to one electro- 
magnetic unit of E,M F, This unit is too small to be used 
for practical purposes; and the practical unit employed, 
is called the Ohm, which is 10*^ electromagnetic units. 
It is defined as the resistance of a conductor, which 
allows a current of one ampere to fiow, when the differ- 
ence of potential at its ends is equal to 1 volt. Its mag- 
nitude IS very nearly equal to the resistance offered by 
a column of mercury, 106*3 cms long and one sq. mm. 
in cross-section at O^C. 

293. The Tangent Galvanometer. The fact, that 
magnetic intensity at the centre of a coil is uniform 
and varies with the strength of the current, is made use 
of in measuring the current by the iiistrunient, known 
as the tangent galvanometer. The essential parts of such 
an instrument arc • {a) a magnetic needle^ (b) a coil of 
wire and (c) a scale to read the deflections. A simple 
form of such an instrument is shown in fig. 8, It 
consists of 3 separate coils of 2, 50 and 500 turns each, 
of well-insulated copper wire, wound round the circu- 
lar frame; and the ends of these coils are attached to 
the screw terminals fixed in the base-board. The latter 
is provided with three levelling screws to level the 
instrument. The ends of the coils are so connected, 
that any one coil may be used separately, or any two or 
more together as one coil. In the middle of the 
vertical frame is a horizontal circular box: and at its 
centre is pivoted a very small magnetic needle, carry- 
ing a light long pointer, at right angles to its length. 
This pointer moves over a scale graduated in 
degrees. The needle is pivoted at a point, winch is 
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the common centre of both the vertical frame and 
the horizontal cir- 
cular box. To use 
the instrument for 
measuring currents, 
it is first levelled by 
the levelling screws 
in such a manner, 
that the needle and 
the pointer move 
freely and do not 
touch the scale. 

After this adjust- 
ment has been made, 
the vertical frame 
is turned and placed 
in the magnetic men-- 
dian. The needle is 
thus made to lie in 
the plane of the coil 
and the pointer 
reading arranged to 
be zero. When a current begins to flow round any 
of the coils, the needle is deflected ; because then in 
addition to the Earth^s intensity, force due to the current 
flowing in the coil comes into existence and acts in a 
direction perpendicular to it. The deflection produced 
is proportional to the strength of the current, 

293. {a) Theory of the relation between the current 
and the deflection. Let W S' fig. 9 represent the needle 
in the deflected position; KS being the position, when no 
current is flowing. The needle takes the position N' S^ 
under the action of two forces, one due to the Earth and 
the other due to the current. If the Earth^s horizontal 
component be denoted by // and m be the pole-strength 
of the small magnetic needle; then a force equal 
to mH acts at each end of the needle, tending 
to bring it back to the magnetic meridian. 
These two forces are equal in magnitude, parallel 
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and act in opposite directions; and hence they constitute 
a couple. The effect of 
a couple is measured by 
its moment, which is 
equal to the product of 
one of the forces and the 
perpendicular di stance 

between them. If the 
length of the needle 
be equal to I and the de- 
flection equal to 0; then 
from fig. 9, it IS clear 
that the perpendicular 
distance between these 
torces=XA^'=/ sin6. Therefore the moment ot the 
couple due to the Karth = m//./ sin©. 

Now consider the effect of the intensity due to 
the current. Let this be denoted by then the 
force acting on each pole of the needle is ecpial to mF 
in magnitude, which tends to turn the needle in 
the opposite direction. The forces acting on 
the two poles ot the needle due to the current are 
parallel, equal and opposite; therefore they also con- 
vstitute a couple and the moment of this couple is simi- 
larly equal to 

mF.Xb^^mF.1 

As in the position S' the needle is at rest, 
the forces acting on it must be in ecjuilibrium. but we 
have seen that the forces acting, constitute two c ouples. 
Therefoie their momentb must be equal. Hence we 
must have — 

mH.l ^iwB^Fm.l cos0 

But the force F at the centre of a coil of radius r and 



n turns is given by 


where C is the current 


flowing tlirough it, when measured in electromagnetic 
units, idierefore, substituting this value in the equation, 

we have — mll.l w/cos0 
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Hr 

or (7= tan©, in electromagnetic units. 

or (7=10 Hr. taii0/2‘>r//^ in Amperes. 

Thus C IS proportional to the tangent of the angle 
of deflection. 

lOHr 

The quantity , by which the tangent of the 

2'irn 

deflection must be multiplied to give the current in 
Amperes^ is called the Reduction factor of the galvano- 
meter and is denoted by K, 

Thus we have O^K tan©. 

From this we see, that if 7/ be known, current can 
be measured; because quantities n and r admit of easy 

measurement. The quantity , called the galvano- 

r 

meter-coil constant, is denoted by G, 

Thus the expression for current can be written as 

(7= ^ tan© 

G 

In using a galvanometer, after setting it according 
to the directions given above, the undernoted precau- 
tions must always be borne in mind. 

Read both ends of the pointer. Reverse the current 
and again read both ends of the pointer. The mean of 
the four readings is the correct reading. 

This IS essential to safeguard against the following 
sources of eiror — 

(f) The pointer may not be perpendicular to the needle. 
{it} The pivot-pomt of the needle may not be in the 
centre of the horizontal scale 

{hi) The frame may not be exactly in the magnetic 
meridian. 

294. Sensitiveness of a Tangent Galvanometer. — 

A galvanometer is said to be sensitive, when for a given 
current, it gives a large deflection. The expression for 
rH 

current (7 is tan0. Thus to get a large deflection 

for the same current, one of the three things must be 
fulfilled 
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Either (i‘) r the radius of the coil must be decreased; 

or {ii) n the number of turns of the coil must be in- 
creased; 

or (lii) H the value of the Earth’s horizontal component 
must be decreased. This can be done by the control mag- 
nets, so arranged as to produce a field in the direction 
opposite to that of the Earth’s, 

The fourth way to increase the deflection is by 
mechanical means, such as (i) by making the pointer 
very large, or (ii) by attaching a mirror to the needle 
and reading the deflections by the reflected beam. The 
deflection in the latter case is doubled on account of the 
fact, that when a mirror is turned through any angle, 
the reflected ray is turned through double that angle. 

Caatioiu — While using a Tangent Galvanometer, it is 
essential that the deflection should neither be too large 
nor too small For accurate work, it should be 45° or some- 
where near that. 


Let us suppose that a current C produces a deflection 
© in a tangent galvanometer and that a current C+dC pro- 
duces a deflection 0+d0, where dC and d9 represent large 
increments of current and deflection respectively. We want 
that for dCy dO should be as great as possible. 

We have C=K tan0 , . . (f) 

Diflferentiating C with respect to 0, we get 

K sec^0 k . {ii) 


dO' 

or d(7= A’sec^Q dB , 
Dividing {ill) by (i), we get 
dC _ sec^S ^ 

C tane * ^ ‘ *’ 

1 COS0 


{Hi) 

Xiv) 




dC= 


sinO 

dB 


dB 


%-'dB 


COS0 sin© 
sin20 

In order that dB should be as large 
2C 

expression as possible 


as possible, the 
It is so, 
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when sin20 is maximum, i e, when 20=90° or 0=45°. 

295. Astatic galvanometer. — Another method of 
increasing the sensibility of 
a galvanometer is to use an 
astatic pair, first devised by 
Nobili. In this instrument, 
two needles of very neaily 
the same strength are rigidly 
connected with their axes 
parallel and their poles 
turned in opposite directions. 

This pair is hung by means 
of a fine quartz fibre, which 
has a small mirror attached 
to it. If the two needles be 
of exactly the same strength, 
then the pair should come to Fio. 10 

rest in any position; but as it is very seldom the case, 
the pair points north and south, due to the greater 
force acting on the stronger of the two magnets. For if 
ju and be the pole-strengths of the two needles, 
then the Earth’s force would be {in — m') H, This pair 
would then behave like a single magnet, the pole- 
strength of which IS very small. The coil is wound 
round the lower needle, as shown in fig. 10. By apply- 
ing Ampere’s Rule, it is evident that the force, due to the 
current in the upper portion of the coils, tends to turn 
both the needles in one direction; while the force, due 
to the current in the lower portion of the coils, tends to 
turn the lower needle also in the same direction, but the 
upper needle in the opposite direction. Thus we see 
that, three forces tend to turn the pair in one direction, 
while the fourth tends to turn it in the opposite direc- 
tion. But as the distance of the upper needle from the 
lower turns of the coil is very great, the fourth force, 
which acts in opposition to the other three, is very 
feeble and can be neglected. Thus we see that the de- 
flection is enhanced on account of: (^) the decrease in 
the Earth’s controlling force and (ii) the multiplicity of 
the effect of the current. 
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SUMMARY 


1 . When a wire carrying a current is held over a 
magnetic needle, the latter is deflected when the former is 
])arallel to it It is not deflected, when it is held at right 
angles to its length. 

2. The direction, in which the iV'-seeking pole is de- 
Hected, is given by — 

(a) Oersted’s Rule. “ Hold a watch so that you can read 
the tune. Then if the tuiirent be supposed to flow through 
the spindle away fiom you, the diiection of motion of the 
hands of the clock, gives the diiection of deflection of the 
A^-seeking pole.” 

(b) Maycock’s Rule Hold the wii e carrying the cuirent 
in your right hand, in such a mannei that the thumb points 
in the direction in which the current is flowing . then the 
.Y-pole of a needle placed on the flngeis. would be deflected 
tONvaids the nails and the X-pole, towaids the knuckles. 


(c) Ampere’s Rule Supiiose a man swimming with the cui- 
lent, with his face always towaids the needle, then the A"-])ole 
would be deflected towards his left hand. 


(d) Maxwell’s Rule The direction of cuiient and the 
])Ositive direction of the lines of force, are related to each 
other in the same manner, as the foiward and backward 
motions ol a iight-handed sciew, aie i elated to the directions 
of motion of its head. 

3. The force at the centre of a coil of i*adius r and a 
turns IS — , when is measured in V (i,S, elccfromdtjneiic 
units of current 

4. The electromagnetic unit of current is that, whicli 
when flowing in a circle of ladius one cm., pioduces a mag- 
netic intensity oi 2'n’ gauss at its centre. 

5 The practical unit, called the Ampere, is^^^ of the elec- 


tromagnetic unit and is equal to the cuirent. which flowing in 
a single circulai c.oil of unit ladius, pioduces a magnetic 

TT 

intensity of “ gauss at its centre. 

6 The electi omagnetic unit oi E M F. is the diffei- 
ence of potential between two points, such that an erg ol 
work IS done, when an electromagnetic unit quantity ot 
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electricity ih moved from one point to the other- 

The practical unit oiEM*F * called the volt, is the differ- 
ence of potential between two points, such that a joule 
(lO’ ergs) of work is done, when a practical unit of current- 
i,e. an Amj^ere is moved from one point to the other. It is 
thus equal to lO” times the electromagnetic unit- 

7. The electromagnetic unit of resistance is the resis- 
tance of a conductoi, which allows an electromagnetic unit of 
current to flow, when the difference of potential at its ends is 
equal to an electromagnetic unit. This unit being too small- 
the practical unit employed, called the Ohm, is 10^ 
times the electromagnetic unit. It is the resistance of a 
conductor, which allows a current of one Ampere to flow- 
'when the difference of potential at its ends is equal to 
one Volt. 

8 . Tangent Galvanometer is an instrument for measiu- 
ing cun exits, the formula is 

Cm amperes = tan6 

2'n‘n 


9 . 

meter. 


Astatic Galvanometer is a sensitive form of galvano- 

EXAMPLES 


1. What are the various rules for finding the direction 
of deflection of a magnetic needle? 

2. What are the electromagnetic units of : (/) E M K, 
{a) Current and {Hi) Eesistance? Name the pi actical units 
and express them in electromagnetic units 

3- Describe a Tangent Galvanometer, and give its 
theor 3 ^ briefly. 

4. How would you make a Tangent Galvan onieter 
sensitive? 

5. Describe the construction and working of an Astatic 
Galvanometer. Is it possible to measure cm rent by its 
means? 
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296 . Suppose W represents 
a wire carrying: a current down- 
wards in the paper and jV repre- 
sents an isolated A-seeking 
pole; the latter will tend to 
move round the wire in tlie 
clockwise direction. But if iV be 
hxed and JV free to move; then 
it will rotate in such a man- 


the. cross-section of 

-v, 

W> N) 

I 



ner, as to occupy the same Kio 1 1 

relative position with respect to .V, as would have 
been the case if JV were fixed and N tree to move, 
because tlie force is mutual between the two and 


by Newton’s ITT Law of Motion, Action and Re- 
action are equal and opposite.’’ Hence JV will movc^ 
in a direction opposite to the <lirection of motion 
of N and will occupy the position ^ shown in 
lig. 1 1. This motion will continue, so long as the current 
continues to flow. It is also clear, that if the direction 
of the current be reversed, the direction of motion of the 
wire will also be reversed. 


Experiment — Take a powerful electromagnet, send a 


current by one flexible wire and let it 
go lip by the other. When the 
current begins to flow, the two wires 
separate. The direction in which 
the wires move can be found by app- 
lying Fleming’s Rule: — 

Extend the first and second 
fingei'S and the thumb of tJieleift hand, 
so that all the three are at right 
angles to one another. Point the first 
finger along the direction of mag- 



netic field, the second in the direction Fio. 12 


of the current] then the thumb gives the direction in irhich 


the wire carrying the current will moce^ or the direction of 
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the Electromagnetic force 

The rotation of a conductor, carrying a current 
in a magnetic field, is shown by tlie aid ot the appara- 
tus of fig 13 

(1) IS the north-seeking pole of a magnet, in the cen- 
tre of a ineioury cup Wires fioin a battery dip 
into it, when the cm rent is turned on, the ujiper 
Avire rotates round the magnetic pole. On reveis- 
ing the cuirent, the w'lie begins to lotate in the 
opposite direction. 

(2) It IS further demonstrated by Barlow’s 
wheel fig. 14, which consists of a toothed-wheel, 
supported on a horizontal metal axis and capable of 
rotation about the same The teeth of the wheel, 
in their lowest positions, dip into a meicury cup. 

A strong horse-shoe shaped magnet is placed, so 
as to enclose the teeth of the wheel in between its 
two poles. If now a current be made to flow from 
the centre of the wheel to its periphery, the wheel 
begins to rotate and the direction of rotation is 
given by Fleming’s left hand rule. 

297. Solenoid. A wire wound round a 



circular cylinder m such a manner, that it is Fun 13 


equivalent to a num- 
ber of circular loops, 
arranged so that the 
current runs simul- 
taneously in them, is 
called a solenoid. 

It has already 
been exidained that 
a current, running 
in a circular loop, 
produces a magne- 
tic field inside 
it. The field pro- 
duced inside a sole- 
noid, which consists 



of a number of such 
loops, is of the na- 

ture similar to that of a bar magnet, the axis of which 
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coincides with the axis of the solenoid. If a piece of 
iron be placed inside this 
solenoid, as shown in 
15, the magnetic field 
due to the current run- 
ning in the solenoid, be- 
comes strong on account Pig. 15 

of the high permeability of iron as compared with air. 
The iron piece, phu’ed inside the solenoid, becomes a 
magnet; and if made of steel, it retains its magnetism, 
even after the current is stopped. This method of 
magnetizing by an electiic (‘Airieiit, is very satisfactory 
for making powerful magnets. 

A solenoid as described above, capable of free 
motion ill a horizontal plane, movevS and sets itself in 
the magnetic meridian, when traverseil by a cuirent. 

The polarity acijuired by a solenoid, wdien tra- 
versed by a current, is given by the following rule .— 
Look at the face of the solenoid in such a manner that 
the line of sight is perpendicular to it and coincides with 
its axis: then if the current runs in anti-clockwisc direc- 
tion, it will exhibit A^-seeking polarity and <iS-seek- 
iiig polarity, if the direction is clockwise. 

Take a rec'iaiigular coil of thick coppei wire, sir^^pend 
it by means of a fine wire attached to one of its termi- 
nals and allow the other end of the vvue of the coil to 
dip into a small mercury cup. Pass current through 
the coil, by attaching the battery terminals to the mer- 
cury cup and the suspensiuii-wire. Notice that this coil 
acts like a solenoul and turns round in such a manner, 
that the Earth's field rims through it at right angles 

Place a strong magiK't near the coil and see that it 
now turns in such a manner, that the lines of force due 
to the magnet run through it. Also notu'C that attrac- 
tion or repulsion takes place between the magnet and 
the coil, as if the latter were a magnet. This happens, 
because the force due to the magnet is stronger than 
that due to the Earth. 
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It IS evident that when a current Hows through a 
coil, free to move in a magnetic held, it turns in 
such a manner, that the greatest number of lines of 
force due to the field pass through it in the same direc- 
tion, as the lines of force due to the imrrent in the coil 
itself. In other words, that end of the coil, which be- 
comes north pole, will turn towards the south pole of 
the magnet, in whose field the coil is suspended. 

298. Moving-coil Galvanometer. This form of gal- 
vanometer, of which D’Arson- 
val IS a typical example, is 
shown in fig. Id. It consists 
of a vertically fixed strong 
horse-shoe shaped magnet, be- 
tween the poles of which is 
suspended a rectangular coil of 
wire, (capable of deflection 
round the susponsion-wire at 
its axis. The rectangular coil 
is suspended from above by a 
fine metal wire, which acts as 
a lead for the current to the 
coil and is connected to one of 
the connecting screws. An- 
other fine wire has its one end 
connected to the lower termi- 
nal of the coil, and the other to 
the end of a spring, which is con- Fio. Id 

nected to the second screw and acts as the second lead. 

The spring besides serving as a lead keeps the siis- 
pension-wire stretched and prevents it from breaking, 
when the coil rotates; it also keeps the rectangular coil in 
position between the two poles. In order to make the 
instrument very sensitive, the field in which the coil is to 
move, is made very strong by fixing a small cvlinder of 
soft iron in the coil, with its axis parallel to the suspen- 
sion-wire. To begin with, the coil is adjusted in position, 
so that with no torsion on the suspension-wire, the coil 
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stands between the poles, with its plane parallel to the 
direction of the field. When a current fiows through the 
coil, it tends to set itself with its jilane perpendicular 
to the field. But as soon as it begins to turn, a torsion 
is set up on the suspension-wire, which tends to bring 
the coil to its original position. Under the action of 
these two couples, t.e.: (^) due to the current and («) due 
to the torsion, the coil takes a position, where the tw^o 
couples are equal m magnitude. Thus we s(‘e that 
the deflection is proportional to the current. This 
instrument is very useful for the following reasons. — 

(i) The deflections are practically independent of 
external magnetic fields 

(it) The instrument may faie in anj" direction, be- 
cause the 55ero-position of the coil does g D 

not depend u])on the direction of the 
Earth’s field. 

{m) It is dead-beat in its action, 
the needle does not swung but 
takes a definite position 

299. Mutual Action of Parallel 
and Oblique currents. 

1. J Parallel currents. Let All 
and CD repicseiit two j)arallel 
wires, carrying eurnmts in the direo- Fio. 17 

tions shown by arrow-heads. It All wer(‘ fixed, then 
the wire CD would move 
towards All along JLV, by 
Fleming's Rule; for the direc- 
tion of the magnetic field, diie 
to the current in may be 

represented by MX perpen- 
dicular both to Cl) and N, 

Hence ttco parallel wires attract 
each ofher^ if currents traverse 
them in the same direction and 
repel each ofher,^ if the currents 
are in opposite directions, 

2. If two wires candying Fig. 18 

the current are inclined to each oilier^ then they would 
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attract each other ^ if currents traversing them proceed 
from or to the apparent point of intersection, hut repel 
each other^ if one current proceeds from and the other 
toicards that point, 

3. The mutual attraction betvv<‘eii currents is de- 


monstrated by Roget's Vibrating Spiral, 

Fig 18 It consists of a coil of eo])per 
Avin", with one end fixed up in the 
screw and the other dipping into 
a cup of mercury. As soon as a current 
flows through the coil, attraction 
between the successive turns of 
tlie coil takes place and it jumps 
up. The lower end of the coil gets out 
of the mercury and tlie current stops. 
There being no current, the coil comes 
back due to the action of gravity, 
and makes contact with mercury. 
Again it jumps up; and such senes of 
movements (*ontinue, so long as the 
current is allowed to flow. 

Tins is further beautifully deraonstra- 


abed 



ted with the help of the simple appaiatus, Fig 10 

shown ill liff. 10, where L\ and 7^2 are two coils of wiie sus- 
pended from terminals ah and cd. First connect he and pass 
current thiou*ih the terminals a and d Notice the attiaction 
between L\ and Next join h to d and again pass curient bv 
joining terminals a and c to the battery Notice the repulsion. 

SUMMARY 


1 Fleming’s Rule Extend the first and second fingers 
and the thumb of the left band, in such a mannei that each of 
them IS perpendicular to the other two; now if the first 
finger denotes the direction of magnetic lines of force, the 
second, the direction of the cuiient, then the thumb denotes 
the direction of motion of the wire carrying the current 

2 Any circular wire of several turns is called a solenoid. 
When a current runs through a solenoid, it tends to turn 
the moving coil in such a manner, that its plane is perpen- 
dicular to the lines of force. 


3 D'Ar»onvar» galvanometer is a form of galvanometer, 
which IS veiy sensitive and deadbeat. It is very useful for 
accurate work. 
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EXAMPLES 

1. Describe experiments to show that a w^ire carrying 
a current would move, when placed in a magnetic field. 
State Fleming’s Rale to find the direction of motion of a 
carrent-cairying wire. 

2. What IS a solenoid^ Sketch the field existing insid^ 
it, when a current is flowing through it. 

3. What would happen, if a circular AVire tree to ro- 
tate, were run by a current ^ 

4. Describe D’Arsonval’s (talvanometer What are it» 
various advantages over an ordinary 1’angent (xalvanometei? 
Can it be used to measure cm rents V 



CHAPTER V 

ELECTROLYSIS 

300 . With regard to their behaviour towards an 
electric current, liquids can be divided into three classes:- 
{i) Insulators, which do not allow electricity to flow 
through them, such as oils ; {ii) Those, which allow the 
current to flow through them without any change, such 
as mercury; and {Hi) Those, which undergo a chemical 
change, when electric current passes through them, such 
as solutions of salts, etc. These are called Electrolytes. 

The decomposition of an electrolyte by the passage 
of electricity is called Electrolysis. Current is convey- 
ed to and from an electrolyte, by immersing in it rods 
or plates of some metal or carbon. These rods or plates 
are called electrodes — that by which the current is 
conveyed is called the anode and that by 
which it leaves, is called the kathode. The 
product of electrolysis, Le. the substances 
liberated are called the ions— that libera- 
ted at the anode is called the anion and 
that liberated at the kathode is called the 
kation. 

An apparatus in which electrolysis 
of an electrolyte may be suitably conduc- 
ted is called a voltameter. Pig. 20 shows a 
form of voltameter, suitable for the elec- 
trolysis of water. The taps are open- 
ed; and water mixed with a small quantity 
of sulphuric acid (ratio 7:1), is pour- 
ed in by the funnel, till the vertical tubes 
are filled. The taps are then closed and 
current is passed through it by joining 
the terminals to the poles of a battery. 

The gas liberated at each electrode rises 
in the tube and collects in its upper part. Pig. 20 
It is seen that the volume of one gas is nearly double 
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than that of the other. On testing the gases with a splin- 
ter of wood and a lighted taper, it is found that they 
are oxygen and hydrogen, and that the latter has double 
the volume of the former. On carefully examining, it is 
found that oxygen is liberated at the Anode while 
hydrogen is liberated at the Kathode. Thus we see that 
the passage of electricity, through acidulated water, de- 
composes it. If instead of acidulated water, hydro- 
chloric acid be used as the electrolyte, then chlorine 
collects at the anode and hydrogen at the kathode. 

Next use a solution of copper sulphate as electro- 
lyte and pass the current. Oxygen appears at the 
anode as before, while copper collects at the kathode. 

Prom the above examples, we notice that oxygen 
and chlorine ahoays appear at the anode^ while hydrogen 
and copper appear at the kathode, 

301. Theory of Electrolysis. The reason why 
electrolytes are decomposed by the passage of electrunty 
is, that according to the theory of dissociation, mole- 
cules of a substance in a solution are broken up into 
parts called ions. These are of two kinds : one known 
as electro-positive^ which carry a positive charge ; 
and the other known as electro-negative^ carrying a 
negative charge. The amount of charge^ carried by an 
ion is always directly proportional to its valency. When 
the current begins to flow, the anode becomes ■\-vely 
charged, while the kathode becomes --vely charged. 
The anode attracts the electro-negative ions and the 
kathode attracts the electro-positive ions; and the 
separation is effected by the migration of ions to the 
respective electrodes. To sum up, we have the follow- 
ing assumptions : — 

(i) Molecules in electrolytes are broken up into elec- 
tro-positive and electro-negative lons^ carrying charges 
proportional to their valencies. 

{ii) Passage of electricity consists in the migration 
of electro-positive ions to the Kathode and that of electro- 
negative ions to the Anode. 

(Hi) Oxygen and all other gases^ except hydrogen^ are 
electro-negative and thus appear on the Anode. Hydrogen 
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and metals are electropositive and appear on the Kathode, 
302. Secondary reactions. If hydrochloric acid or 
copper chloride be decomposed by electrolysis, chlorine 
appears on the anode, wliile hydrogen or copper appears 
on the kathode. The electro-chemical reactions can be 
expressed as follows : — 

ii) 2HC1 =H2-hCl2 
{it) CiiClj-Cn + Glj 

But now if instead of hydrochloric acid or copper 
chloride, sulphuric acid or copper sulphate be similarly 
treated ; we get hydrogen or copper at the kathode, but 
never do we get the substance SO4 at the anode. 
Instead of that we get oxygen. The reason of this is, 
that sulphate ion t.e, SO4, is incapable of existing and 
so is broken up into 8O3 ion and oxygen ion. The 
former combines with water to form sulphuric acid ; 
while oxygen is given up at th(^ anode Such a re- 
action IS called a secondary reaction. The reactions 
can be expressed as follows : — 

( til ) 112804= H2+SO4 ( a ) 

280^=2803 -f- (>2 {h) 

2H2O + 2S03==2H2S04 {c ) 

{iv) CuSO^=Cu-|-SO^ {a) 

2804=2803 + 02 ib) 

2H80 + 2803=2H2804 ic) 

The reactions expressed in equations ?, lii {a) and 
iv {a) are primary reactions^ because they are brought 
about by the passage of electricity through them ; while 
the reactions expressed in equations [hi) {b) and (c) & (??;) 
{b) and (c) are called secondary reactions^ because they are 
not brought about by the flow of electric cuirent, but 
hy chemical affinities. To sum up, aprimai'y reaction 
is thatj which is necessarily brought about hy the flow of 
electricity] while a secondary reaction is that^ which is 
brought about by the chemical affinity 

Thus in the electrolysis of sodium sulphate, the 
following Primary electro-chemical reaction takes 
place : — 

(i) Na2S04=Naa (Kathode) + SO4 (Anode). 
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After this the following seoondary or ohemieal reactions 
take place : — 

(ti) Na., + 2noO=2 NaOll 

{in) 2 SO 4 + H.S ()4 +(), 

Thus at the kathode, hydiogen and caustic soda 
are produced, while at the anode, oxygen and siilpliunc 
acid are produced 

303. Faraday’s Laws of Electrolysis — Befoie dis- 
cussing in detail, Faraday’s laws ot Klectrol 3 \sis, it is 
expedient to define (ilearh^ tlie following cliemical terms, 
which are tiequenliy used — 

(i) Atomic treiijlii- It is the weight of an atom of 
the substance, relative to tlie weight ot an atom of 
hydrogen, which is taken as uintN*. 

{ii) Valencjj - It is tli(» number ot hydiogen atoms, 
which one atom of tlie substance can chcnncally 
displace, 

{in) Chemical eqnnalent of a substance is the ratio 
between its atomic weight and vahmcy. 

Eleciro-diemicnl equivalent ol a substance is 
the w'eight in grams, which the passage* ol one coulomb 
of electricity would liberate 

Faraday’s First Law of Electrolysis - I' fie mass 0 / 
an lon^ liheiuted hy a cuneiit^ is pvoportioual to the 
quantity of electricity, ichicli passes thronyli an electro- 
hjte. 

Arrange two voltameters, one containing \\at(*r, the 
other cop])ei sul[)liate, in senes with a battei\' of six 
Daniell cells, fig 2i. Pass current tlirough them ft>r 15 
minutes and nieasuie the volume ot hydrogen on the 
Kathode and that of oaggeii on the Anode in tin* water- 
voltameter. Also find the amount ol copper di‘posited on 
the kathode ot copper sulphate voltameter Now m the 
above expenment, allow the same cm lent to flow lor 
50 minutes, the rpiaiitity of eac h substcUK t‘ set fiee, is 
found to be twue as much as was libciatcd, when 
the current was allowed to pass tor 15 minutes, pio\ided 
however, the cuirent strength lemains the same This 
law can be put to test in several ways and would alwaj's 
be found to be strictly true. 
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Faraday’s Second Law of Electrolysis. If several 
different electrolytes are 
included in the same 
circuity the quantities of 
different ions liberated 
are proportional to their 
chemical equivalents. In 
the above experiment 
it is seen, that the oxy- 
gen liberated is half in 
volume of the hydrogen; 


H 


^CuQi 


r-j I >1 

LJ|i M 


Fig. 21 


but oxygen is 16 times as heavy as hydrogen. There- 
fore the quantity by weight ot oxygen liberated is 8 
times as much as that of hydrogen; and the weight 
of copper deposited on the kathode in the copper volta- 
meter, is found to be 31*8 times as much as that of 
hydrogen. 

1 


The chemical equivalent of hydrogen is ^ = I 


The 


and the 


of 


oxygen is 


1^=8 

2 


of copper is =31*8 


We see that the quantities of different ions, libera- 
ted by the same quantity of electricity, are exactly pro- 
portional to their chemical equivalents. 

This second law of Faraday enables us to find tlie 
electro-chemical equivalents of different ions, if we 
know the electro-chemical equivalent of one substance. 
Careful experiments show, that the electro-chemical 
equivalent of hydrogen is '00001036 gm. and its chemi- 
cal equivalent is equal to unity. The chemical equiva- 
lent of silver is 108, because its atomic weight is 108 
and valency unity; therefore its electro-chemical equi- 
valent, i. e. the quantity liberated by 1 coulomb, is 
•00001035 X 108=*001118 gm. 

In the same way, electro-chemical equivalents of 
other substances may be obtained. Thus for example, 
the electro-chemical equivalent of copper would be 
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•0000136 X -^= -000332 gm. 

Moreover it affords an accurate method of measur- 
ing currents ; for ampere, the practical unit of current, 
has been defined as that current, which flowing in a 
silver voltameter, deposits ‘001118 gm. of silver pet 
second. 

Faraday’s Unit. The electro-chemical equivalent 

of hydrogen is *00001036, therefore— = 

coulombs of electricity would liberate one gram of hy- 
drogen. This quantity of electricity is called Faraday's 
unit. 

304. Measurement of Galvanometer constant. 

From Faraday's 1st law, it is evident that if w be the 
electro-chemical equivalent of a substance, then the 
quantity m gnis. deposited in t seconds by a current of 
C amperes would be #o6V, so that m^wCt ; 

m 

or C= . 

iH 

If a galvanometer and a voltameter are in the same 
circuit, then the expression for current C can be written 

as, (7= tan©. 

wt 

Knowing the weight of the substance deposited 
during t seconds and also the value of ^r, the electro- 
chemical equivalent in the above equation, it is easy 
to find the galvanometer constant, which is equal 

tan© 

305. Laws of Electrolysis in Cells. The laws of 
electrolysis hold good in each cell. To produce every 
coulomb of electricity, ‘000332 gm. of copper is de- 
posited and 000338 gm. of zinc is dissolved, excluding 
that wasted in local action. Every such coulomb 
liberates •00001036 gm. of hydrogen and *0000832 gm. 
of oxygen. 
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306. Secon4ary batteries or Accumulator*. 

Experiment. Arrange the appaiatus, as shown in fig* 22. 
A voltameter^ containing dilute 
sulphuric acid, has lead plates 
immensed in it, and by means 
of athiee-way key, it can be 
connected either to a battery 
or to an electiic bell. 

Connect he and pass current 
thioughtlie voltameter for about 
3 minutes Disconnect he and 
join ac. Notice, the bell liegims Fig 22 

to ring, showing that the current is now flowing from the 
voltametei . 

This (“lu-ronfc, due to the strong tendeney of libera- 
ed ions to re-unite, constitutes the principle of necond- 
anj batteries or accumulators The explanation is this: — 
During electrolysis, water is decomposed and the 
ehomieal potential energy of tho system is increased. 
This increase is furnished at the expense of the electri- 
cal energy of the current, employed to effect the de- 
composition. If howf'ver, when electrolysis has been 
])erfoimed, the external current be removed and the 
electrodes of the voltameter be connected by a wire- 
chemical action involving le-union between the products 
of electrolN SIS takes place and a cnrieiit is sent in the op- 
posite direction, i e the cuirent now Hows from c to aH. 

Thus we see that an ordinary voltameter may act 
as an aci'uniiilator or a storage cell, but it is Quite useless 
from the cominercial point of view. The back current 
is transient only, and the capacity of such an accumu- 
lator IS very small. 

The iiiodern commercial accumulators, devised 
by Plante and improved by Foure, consist of lead 
plates covered over by a layer of red-lead (Pbs O4), im- 
mersed in dilute sulphuric acid. On charging, the red- 
lead on the kathode is reduced to spongy metal and 
that on the anode becomes peroxidized. The actions 
which take place may be represented by the following 
equations — ° 
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At the kathode , — 

Pb 304 + 3H^S04=3PbS04 + 3 H 2 O + 0 
PbS04 + H2=f'b + H^S04 
At the anode. — 

Pb304+ 3H2S04=3PbS04 + 3H,0 + 0 
PbSO^-f 04 H20=Pb02 4-I4S04 
If after charging in this manner, the two plates, which 
have been reduced to Pb and PbOj, be connected by a 
wire, a current flows in the opposite direction; i.e. from 
PbOj to Pb in the wire and from Pb to PbOj through 
the electrolyte. Both the plates are reduced to PbS04 
according to the following equations: — 

(i) 2Ph + 2H.S( )^= 2PbS04 + 2H2 

(ii) 2Pb02 4- 2H 2^0^ 4- 2 1 l2=2PbS04 4- 

When the cell has been wholly discharged, it can be 
recharged by passing a current from an external source. 
The water is electrolysed and the nas(*.ent oxygen on 
the anode converts the PbS()4into Pb()2, according to 
the equation — 

P bS()4 4- 0 + H .2O = PbOa 4- 1 t2S(\ (/) 

while the nascent hydrogen on the kathode reduces the 
PbS04 to the spongy metal thus— 

PbS044-H2=Ph + H2S04 (h) 

The secondary batteries are easily portable and handy. 
In addition, they possess the following advantages — 

(i) Their internal resistance is very low, being about 
"02 Ohm per sq. foot of plate. 

(iV) Their E M F. remains fairly constant. 

(ill) Their E M F. is fairly high, being about 2T volts. 
(iv) The density of the solution is the most convenient 
index of the condition of the cell. When fully charged, it 
should not be above 1*21 and at discharge, it should not be 

below^^^^^ accumulators, inspite of their possessing 
the above advantages, are very heavy and suffer from the 
additional defect of ^buckling' {i.e. , disintegration of 
plates), when left uncharged. These defects have been 
removed or minimized in Edison’s Accumulator, which 
consists of nickel and iron peroxide plates respec- 
tively, dipping in 20 per cent, caustic potash solution 
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The plates do not Stickle' and the battery is not so 
heavy as lead accumulators. The E.ALF* however, is 
only J’3 volts instead of 2'1. 

SUMMARY 

1 . The process of decomposing an electiolyte^ by the 
passage of electricity through it, is called electrolysis. 

2. Solutions of salts, which undergo decomposition, 
when a current flows through them, are called electrolytes. 

3. Plates, carrying currents in an electrolyte, are called 
electrodes. That, which takes the current in, is called the 
Anode ; and that, which brings it out, is called the Kathode. 

4 . The products of electrolysis are called the ions. 

(a) Primary action is that change, which is brought 
about, by the passage of electricity. 

(b) Secondary action is that, which follows the primary, 
and is brought about, only by the chemical affinity. 

5. Faraday’s laws: ^ 

(^) The mass of an ion liberated by a curient is propor- 
tional to the quantity of electricity, which passes through 
an electrolyte. 

(a) The quantities of different ions liberated, are pro- 
portional to their chemical equivalents. 

6. Secondary battery or an accumulator is simpl}^ a 
storage cell. When a current is passed through it, certain 
chemical changes take place. When the external circuit is re- 
moved, then on joining the two electrodes, a current flows iii 
theo pposite direction and the chemical changes are reversed. 

EXAMPLES 

1. Define anode, kathode, ion, electrolyte, chemical 
equivalent. Primary action and Secondary action. 

2. Enunciate and prove Paraday^s Ijaws of Electrolysis. 

3. Describe Plante’s secondary battery and explain the 
principle on which it is based. 

4. How would you arrange to measure a current by a 
copper voltameter ? 

5. How may electrolysis be used to test the accuracy 
of an instrument, designed to measure a current in Amperes. 

6. What will happen when (a) one Darnell cell and 
(b) two Daniell cells, are connected With a water-voltameter ? 
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307 . In its simplest form, Ohm’s Law states: ‘At 
uniform temperature, the current produced in any por- 
tion of a homogeneous conductor, the terminals of which 
are kept at different potentials, is directly proportional 
to the difference of potential betweem tlioso two termi- 
nals.’’^ Thus if C be the current in a condinUor, when 
the difference of potential existing l)etween its ends 
IS K; then by Ohm's Law stated above, we have (J 
vanes as E, 


E 

Or -~ -=A", where K is a constant for the given 

iy 

conductor. This constant K is known as its Resistance-^ 
so we can write the above equation as 
E ^ E 
C ' K ' 


R= 


or e:—rc. 


The second eijuation is the full expression of 
Ohm’s Law, vvliich expresses that the strength of the 
current vanes directly as the electromotive forces and 
inversely as the resistance of the circuit. 

Using the practical units, which have already been 
described, we can restate Ohm’s Law as follows —The 
number of amperes of current, flowing through a circuit, 
IS equal to the number of volts of E.M,F, dunded hjj 
the number of Ohms of resistance in the entire circuit. 

This IS experimentally proved in the following man- 
ner: — Arrange a circuit, as shown in fig. 213, consisting 
of a battery, a standard wire-resistance //, an ammeter A 


* It ^^hould be noted however, that the lesKstance of selenium de- 
cieases, when exposed to light and that of bismuth iiici eases, when 
exposed to a stiong magnetic hold. 

555 
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to read the current flowing in the circuit and a voltmeter 
V to denote the at the terminals 

of the resistance i?. Carefully note the 
resistance of B in Ohms, the cuirent in 
Amperes and the E,M.F. in volts. 

Now increase the number of cells 
in the battery and repeat the former 
readings again. By successively in- 
creasing the number of cells, a series of 
such observations may be taken and 
results entered in the following manner: — 



Amperes 

Volts 

Volts Amperes 

1 

0-2 

4 

4^0-2=20 

2 

0-3 

6 

6-*-0-3=:20 

3 

0-4 

8 

8-s-0-4=20 


The results obtained in the last column are the 
same for the same resistance. This shows that for a 
given wire, the ratio of the at the terminals of 

a wire to the current flowing through it, is constant. 
This result, discovered by Ohm in 1826, is known as 

Ohm’s Law, 

Thus--^ =i?, or (7= , 

O It 

The above expenineiit may for the sake of convenience, 
be slightly modified, by having a standard battery, 
changing the resistance It successively and showing that the 
products of Ohms and Amperes are always equal to Volts. 

Careful observations show that the resistance of a 
conductor varies directly as the length and inversely 
as the area of cross-section, and depends upon the 

material; so that or Rz=:S~, where >8 is a cons- 

a a 

tant depending on the nature of the material of 
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tlie wire and is known as the iSpecific resistance of 
the material. In the above equation, if I and a 
be each equal to unity, we have It^S, Thus the specific 
resistance ef any substance is the resistance of a cube of 
that substance of unit edge^ uhen the current enter.^ 
its one face and leaves the opposite face. 

Specific conductivity of a substance is defined as the 
reciprocal of the specific resistance of its materiaL 


Thus the specific conductivity 




It should be borne in mind that the E. M, E, goes 
on falling along the length of a wire: for by Ohm's 
E 

Law, we have but current remains constant in 

’ ji 

every part of tlie circuit and the resistance deci^ases as 
the length of the wire decreases, therefore the E. Ah F, 
falls proportionately* 

308, The Resistance-Box, To determine E,ALF, and 
resistance practically by the application of Ohm’s Taw, 
need arises of coils of known resistances. For this purpose, 
wires of standard resistances, arranged in the manner 
shown in figure 24, are 
sold by instrument- 
makers under the name 
of Resistance-box, This 
consists of coils of 
german silver of such 
lengths as to have re- 
sistances of a definite 
number of Ohms, These 
coils are highly iiisiihitcd 
and after being doubled 
on themselves, they are wound in the manner shown in 
the figure to avoid self-induction. Each end of a coil is 
soldere<l to two adjacent solid brass pieces, which are 
fixed on an ebonite block, which forms the cover of a 
closed box. Sufficient space is left between successive 
brass pieces and stout brass plugs, with ebonite heads, 
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fit tightly, when inserted in between the two pieces. So 
long as the plugs remain in^ the current flows through 
the solid brass pieces and plugs, without encountering 
any resistance in its passage, but when any plug is 
removed, current can only pass from one brass piece to 
another by traversing the coil, connecting those two 
brass pieces. Thus a resistance equal to the resistance 
of the above coil is introduced in the circuit. The series 
of resistance coils, usually fitted in a resistance-box, are 
1, 2, 2, 6, 10, 20, 20, 50, 100, 200, 200, 600 and laX) 
Ohms. By this arrangement, any resistance, correct up to 
whole numbers, can be introduced in the circuit. Thus 
if we want to introduce 175 Ohms, we should take out 
the following plugs, 100 + 50 + 20 + 2+1. 

309. Ohm’s Law applied to the comparison of 
E M.F’s. The following are some of the various methods 
employed for comparing E J/.f.'s of two cells : — 

(^) Variable Deflection method. The apparatus 
is arranged, as shown in fig. 25, 

C\ and 62 are the two cells, the 
K. M. F/s of which are to be 
compared. IL K, is a reversing 
key, IL B. a rcsistance-box 
and G. a Tangent gal- 
vanometer. The deflections of 
the galvanometer-needle due 
to Cl and Cj are noted, then the 
ratio of the tangents of the 
angles of deflection is the ratio 
of of the two given 

cells. The resistance of the 
circuit should be the same in 
both the cases. 

Theory — According to Ohm’s Law, we have 
Ei^hU^RK . . ii) 

and Ez^hR^R^F tan62 (*V) 

Dividing equation {i) by (//), 

k Un 01, when it pioduces a deflection 0i m a tangent gahano- 

meter. 
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We have 
We have 

where E\ and E<2 are the EM,F's of the two cells and a 
and <2 the currents respectively. 

(:ti) Equal Deflection method. The aiTangemeiit 
of the apparatus is the same as shown above. Current 
due to Cl is made to flow and resistance Ui inirodiK ed 
from the resistance-box, till a suitable deflection 6 is 
obtained. Next Ci is put out of circuit. Current 
due to 62 is allowed to flow and a resistance intro- 
duced from the resistance-box, till the deflection is the 
same as before, f.e. equal to 0. 

Then — = stance in th e circuit in tl fi rs t c ase 

E2 Total resistance m the ciicuit m the second case 
By Ohm’s Law, we have 

Ei-=h{Ri + a + ri), (i) 

and = (») 

where (m is equal to the resistance of the ^galvanometer, 
rj and r.j are the internal resistances of the cells ('^1 and (2 
respectively. Tlieiefore dividing {i) by (ti), we get 

£2 i^2+<=^' + ^•2’ 

for the deflection of the galvanometer is the same in both 
the cases. 

(^^^) Sum and difference method. 

the two cells, the E,ALF.^s of which 
are to be compared, are first arrang 
ed in series. The deflection, which etc! 
they produce, is noted. Let it be ©i. 

The cells are then arranged so as to 

send currents in opposite directions, 
i.e the pole of one is connected Fig. 20 
with the + i;c pole of the other and the negatives of the 
two cells are taken as the battery terminals. The de- 
flection produced, which would be very small, is noted. 
Let it be ©2? 

Ej _ ta nQj -f t an 02 
E2 tan©! — tan ©o ’ 

for bv Ohm’s law we have, when the cells are in senes, 

Ei^E2-Eii=EK t&nOi . (?) 

6 ut when arranged to send currents in opposite directions, 


In this method 
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E\ — JS 2 =i?i 2 =/?^tau 02 (eV) 

Dividing (/) by {ii\ we have 
jEi+^ 2 — tan 0 j 

E^-~E^2 tan62 


Subti-actmg unity from both sitleSy we have 
Ei+ E^— ^2 -- tan^i — tanQ 2 
E1—E2 tQ.nO 2 

2E2 ^ta n^i — tanQ.? 

El— E2 tan62 


(//V) 


Similarly adding 1 to both side»» we have 
Ejjr^2 +JE 7 i — ^2 -- tanOi -f tan 02 
— J 5 J 2 tan 62 

2 iEJi t anQi + tan^a / \ 

Ej—E^ tan ©2 

Dividing (/t^) by (ia*)r we have 
— tan^i -b tan 02 
JS 2 tan© I — t an 62 * 

If ac and bd fig 29 ,^ be connected^ the cells become 
arranged in series; and if ab and cd be connected, the 
cells become arranged in opposition. 

(ia) Deflection method. The arrangement of the 
apparatus is, as shown in fig. 25 . Put C\ in circuit and 
take out plugs from the resistance-box, till the defiec- 
tion in the galvanometer is di and the resistance intro- 
duced from the resistance-box Then by Ohm’s 
liaw the current flowing is 


E^ 


Ej + Cr+ri 
where Ei 

a 

ri 


= ti= 7 v tan©i’-'i . . . Ji) 

=E.3LF of the cell Ci 
= Resistance of galvanometer 
= „ cell Cl 


? I == current 
7 ir=Reduction factor 


Now alter the resistance in the box, till the deflection 
IS ©2 f'l^® resistance introduced 7?2 , 

Then we have, as above 

(«) 

Inverting the equations and subtracting, we have 
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J?1 4‘6r4‘ n _ 4*^*1 -Rl R ‘2 

El ^ El El 

_ 1 


1 


(w) 

aiifl subtracting; 
. . (//) 


if tan^i KtanO.j 

Eemove cell Ci out of the circuit and put in the 
circuit. Put in a resistance i?/ in the circuit from the resis- 
tance-box, till the deflection with cell C-j is di; then we have 

('•« 

Now alter the resistance in the box, till the deflection 
=d:j and the resistance introduced Rj'. 

Then we have similaily 

Then inverting etiuations {iiij and (to) 
as before, we have 

R\^zzRIz=^ 1 _ j 

E 2 71 tan© 1 Kta \\^2 

Then equating (a) and (6), we have 

El E2 

El Rl R2 

E-i Ri'-K./ 

This method, though somewhat more tedious, gfives 
better results. 

(v) The Potentiometer method 

consists of a thin wire of 
manganiii of uniform 
area of cross-section, gene- 
rally 1 to 10 metres long 
(according to require- 
ments), stretched on a 
wooden board, provided 
with binding screws and 
a movable jockey point, 
to make contact with any 
point of the wire. 

When current from 
a battery, eonsisOnj? of a 


A Potentiometer 



Fm. 27 

few accumulators, is passed 


Manganin is chosen on account of its high lesistance. 
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through such a wire, the potential falls unifoimly from 
one end X to the other end Y; and the potential differ- 
ence between any two points on the wire is proportional 
to their distance apart. 

To compare the of the two cells^ their 

positive terminals are connected at Xj where the positive 
terminal of the battei'y is connected* Their negative 
poles are connected to the screws of a three-way key. 
as shown in fig. 27. The third terminal, which can be 
connected to either of the cells, is joined through a 
galvanometer and a high resistance to the movable 
jockey. First one cell, say 2>, is put in circuit by 
connecting ab and the jockey is shifted to a point A 
along the potentiometer wire to get no deflection in 
the galvanometer (which will happen, when the E*M,F* 
of the cell D is equal to the Potential difference between 
X and A on the potentiometer wire, due to the battery). 
Let this length be li* 

Now disconnect i), introduce the cell L and pro- 
ceed accordingly, to find another position B of no deflec- 
tion in the galvanometer. Let this length from A' be I 2 * 

E*M,F, of D P.D* between XA li_ 

^^^^E.M.F* oiL^ P.D. between XB ’ 

because the potential difference along a uniform con- 
ductor is proportional to its length, as explained 
above. 

The important points to be noted are : (/) The E.M F. of 
the battery should always be much greater than the E.M F, 
of either cell. («) The positive poles of the cells and 
the battery must be connected to the same binding 8creM\ 
{ill) A high resistance should be put in series with the 
galvanometer to prevent any damage to it, due to accidental 
strong current passing through it. 

310. Resistance of conductors. If a number of 
conductors of resistances ri, r^ and r^ be arranged in 
series as shown in the upper diagram of fig. 28; then the 
combined resistance of the three, is simply ri + 1*2 + rs. 
For let C be the current flowing through the circuit, 
then the differences of potential at the terminals of 
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various resistances, by Ohm’s Law, are given by Cn> 
Ct’2 and Cl's. Therefore the total difference of potential 

^ 



Fm. ‘28 


between the extreme ends of these will be C(i'i + 1*2 + I’a) | 
but if R is the combined resistance, then the difference 
of potential must be OR. 

C/'=( 7 (ri + )'2 + >‘3) 
or R=ri + r2 + r3. 

When however, the conductors are arranged ifipat'a^ 
llel as shown in the lower diagram of hg. 31 , i.e. the cur» 
rent entering the end X has three paths open to it and 
the resistance of the three together, when arranged tn 
parallel^ will be less than the resistance of any one of 
them. To find the resistance of such a system, let us sup* 
pose C\^ O2 and C3 be the cuiTents flowing through 
Cl, r2 and C3 respectively; then by Ohm’s Law, 


E2 
r\ ’ 


'2 t’i 


■( 1 ) 


where Ei and are the potentials of points X and Y 
respectively. If C be the total cuirent, it must be equal 

to Ci + (72+C3 ; hut by Ohm’s Law, (7=^2^^ . .(/o 

where R denotes the effective resistance due to /’i, 
r2 and C3, when arranged in parallel. Prom equations 
(^■) and (**), we have 
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or 


K 

1 


n 


9-2 


rs 


(in) 


Now ^ j ^ Sind^ are the reciprocals of resis- 
tances and hence the conductances of the conductors. 
Therefore we can say that the conductance of a system of 
conductors a^Tanged in parallel^ is the sum of their 
separate conductances] also it is evident from equation (i) 
that the cun'ent flowing through any branch is inversely 
proportional to its resistance. 

311. Arrangement of Cells. — The current given 
out by one cell is generally too feeble for ordinary do- 
mestic purposes; hence usually batteries of two or three 
cells are used. The following are the various ways of 
grouping cells to form batteries. 

311. (a) Ohm’s Law as applied to groups of cells. 

(i) In series. Cells are said to be connected 

in series, when one pole of one cell is connected to the 
opposite pole of the next, and so on. The poles 
of a battery are the free poles of the end cells. In 
this arrangement, the ^ “ 

of the battery' is equal to 
the sum of the E.M.F.^s of 
the cells so arranged; and 
so is the resistance. Fio. 29 

If m cells, each of E.M.F.^ E and internal resistance 
r are arranged in series; then ihoir E.M.F,^mE and 
their internal resistance=?wr. If the external resistance 
be jB, then the current 
would be equal to 
mE ,.N 

(t), 

R+mr 

(ii) In parallel. 

are said to be arranged in ~ 
parallel, when all the posi- 
tive poles of the constituent 
cells are connected together Fig. 30 

and so are all the negative poles, fig. 30, The cells are in 




rrent / 

Cells 
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fact converted into one big cell. The E.M.F. remains the 
same, as of a single cell; but the resistance is decreased to 

th of that of one cell, if n cells are connected in 
n 

parallel. The current, when the external resistance is 
equal to iff, is given by E nE 

A‘+r_ 

n 

where E is the E.M.F, and r the internal resistance of 
each cell. 

{Hi) Mixed circuit. Cells are said to be arranged in 
mixed circuit, when they 
are arranged both in series 
as well as iii parallel. In 
figure 31, there are six 
cells. They are arranged 
in two rows of three cells 
each, which are connected 
in series; and these again 
are connected in parallel. 

When m.n cells are 
arranged in a compound circuit, in n rows each of m 
cells in series, the E. M. F.=mE 

and the resistance= -^V. 

n 

the current (7, when li is equal to the external 

resistance is given by> ■ ■ 

^ m 
R+~r 
n 



i,e. - - 

nU+mr 

or Css 


mtiE 


(v^ nli \/ 7«»’)2 q. 2 \/ mnRr 
This expression will have the greatest value, when 


(v/ nli 
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i,e, when nR^mr 
or R= — r ; 


n 

i.e. The current will be maximum when the external 
resistance is equal to the total internal resistance- 

312. Shunts. An important application of the 
principle of arranging conductors 
in parallel is found in the use 
of Shunts, Suppose we want to 
measure a strong current by 
means of a sensitive galvanometer; 
then if this current be passed 
directly through the instrument, 
it would damage it. To avoid 
this, a resistance is arranged in Fig. 32 

parallel with the galvanometer, as shown in Fig. 32, so 
that only a part of the current flows through the gal- 
vanometer, If the galvanometer resistance be G and 
shunt resistance arranged in parallel with the galvano- 
meter be xS, the effective resistance R is given by the 
equation 



R 


(}S 


— or /?= , 

h S 

and if C be the current through the primary circuit, 
then the current through the galvanometer would be 

^^_CGS__CS 
G{G+ii)' 


(.r G{G+ii) G+F 

Thus if the shunt resistance be one Ohm and 
galvanometer resistance 9 Ohms; then 
the current through the galvanometer 

will be only A of the main current. 

313. Aininetert. An ammeter is an 
instrument, which directly measures the 
current in Amperes. There are various 
types of instruments in general use, but 
the underlying principle is the same in 


the 
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coil galvanometer, which is placed in series in the circuit 
of which the resistance is to be measured. It is very es- 
sential that the resistance of the instrument should be 
small, so that its introduction into the circuit may not ap- 
preciably alter the current. When very 
strong currents are required to be mea- 
sured, the instrument is shunted with a 
low resistance coil, as shown in fig. 33. 

314. Voltmeters. A voltmeter 
is an instrument which measures the 
E.M.F. in volts. It is in fact a high 
resistance galvanometer^ connected in 
parallel to the circuit of which the 
E,M.h\ is required to be measured. If Fig. 34 

the resistance of the instrument is not high enough, a 
high resistance is connected 
in series with it, as shown in 
fig. 34. Figure 35 shows 
how an ammeter and a volt- 
meter are connected to mea- 
sure current and EM,h\ res- 
pectively. 

315. Wheatstone’f 
Bridge. If a circuit as shown 




in fig. 36, be arranged; then a difference of potential 
must exist between A and C, and the same fall of po- 
tential must take place along ABC and ADC, Points 
such as B and D however, can be found in each branch 
at which the potential would be jg 


the same; i,e. fall of potential from 
A to B would be the same as that 
from A to D, But by Ohm’s Law, 
fall of potential is proportional to 
tlie resistance. Therefore, if the 
fall of potential from A to J? is the 



same as that from A to 2), then the Fig. 36 

resistance AB must bear the same ratio to resistance 


ABC as AD bears to ADC. Hence if P, Q, E and 
S denote the resistances of the portions A2i, BC^ 
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AD and DC respectively; 

then we must have 


R 


P+Q R+S ■■■ 
By cross-multiplication, P{R+iS)^R{P+ Q) 

i.e. ps-m 

P R 


..(i) 




Q S 


..(*7) 

.(«■«) 


315. (a) The following is another method of proving 
the above relation;— Let Fa, Fb, Fd and Fc be the potentials 
of A, B, D and C respectively; then by Ohm’s Law, we must 


have 

V^-Vy,=GiP and Fb-F«=C'iQ . . . .(«) 

F.-Fd=C'2B andFd-Fc=C2S («) 

where Cl and Ci are the currents, flowing through ABO and 
ylDC respectively. But Fb=Fd, when no current is flowing 
through the galvanometer; then dividing equation (i) by 
(«)> we have 

CtP 


CiR C2S 

^ P- R 
Q 8" 


(iii) 


From equation (i«), it is evident that if tliree of 
the four resistances P,Q,li and iSbe known, the fourth 
becomes known by the above relation. Or even if, the 
ratio of any two of them be known and the third resis- 
tance be also known, then the fourth can be found out. 

Such an arrangement as shown in figure 36, by 
the help of which we can find an unknown resistance is 
called a Wheatstone's Bridge or net. 

The points B and D will be at the same potential 
when there is no deflection m the galvanometer. 


316. The Metre Bridge. It is a practical form of 
Wheatstone’s bridge, which is generally employed in 
laboratories for accurate work. 

It consists ^as shown in figure 37, of a fine german 
silver wire, about a metre long, stretched between two 
binding screws A and C; these points are joined by a thick 
copper strip, having two gaps in it. In one of the gaps 
is put the unknown resistance P, and in the other 



ohm’s law 


569 


a resistance-box Q. The battery terminals are joined to 
A and C. One 
of the galva- 
nometer ter- 
minals are 
joined to X 
and the other, 
by means of 
a sliding joc- 
key, to the 
point IJ on 
the wire A 
so that there 

IS no deflection in the galvanometer. Then 



P^Al) p^Qy^AD 

Q DC DC * 

317. The Post-office Box. It is so called after its 
use in Post Offices, for finding resistances of telegraph 
lines. It is a very convenient and handy combination 
of a resistance box (already described) and a Wheat- 



stone’s net. It consists as shown in fig. 38, of a sot of 
resistances and spring keys. The battery C is connected 
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to points A and B through a spring key and the 
galvanometer G is similarly connected to the points D 
and JS, The unknown resistance X is connected to 
points B and B; and constitutes the fourth arm of the 
Wheatstone^s bridge, the other three arms being con- 
stituted by BBj BA and AB, 

At first P and Q are made equal to 10 ohms each, 
by taking out plugs of 10 ohms resistance from the 
arms AB and BB. The plugs taken out of the third 
arm r denote the unknown resistance A, when no cur- 
rent flows through the galvanometer. To get ac- 
curate results, P may be made 100 and 1000 in turn, 

while Q remains 10 ohms. Then X will be ith. and 
^ 10 

ths. part respectively, of the resistance in the arm r. 

The student should note very carefully the connec- 
tions, shown in the figure. 

SUMMARY 

1. Ohm’s Law states that the current in a circuit, is 
directly proportional to the E. M. F, and inversely propor- 
tional to the resistance. 

2. The specific resistance of a substance is the resistance 
offered by a unit cube of the substance, when current enters 
its one face and leaves the opposite face. 

3. When cells are arranged in a mixed circuit, the 
strongest current is produced, if the external resistance is 
equal to the internal resistance. 

4. Shunt is a small resistance arranged in parallel with 
a galvanometer, used to measure strong currents. 

5. An ammeter is a low resistance galvanometer used 
to measure currents. 

6. A voltmeter is a high resistance galvanometer used to 
measure 

EXAMPLES 

1. What is Ohm’s Law? How would you prove it ex- 
perimentally? 

2. Upon what factors does the resistance of a wire 
depend? What do you understand by specific resistance? 
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3. What are the various modes of arranging the cells? 
Which is more economical and what arrangement would 
you adopt to get a strong current? 

4. Describe the various methods of comparing 
of two cells, 

5. A cell of EM.F. 2 volts is connected to the termi- 
nals of a tangent galvanometer, the coil of which has a re- 
sistance of 200 ohms; a deflection of 45® is produced. What 
IS the reduction-factor of the galvanometer? (Loc. Camb. ’07), 

6. Tf 5 cells of 2 volts each, and i ohm internal re- 
sistance, be connected in series with a wire of Vs ohm resis- 
tance. What current in absolute units will be flowing? 

7. What are the chief differences between electrolytic 
and metallic conduction? (Loc. Camb. ’05). 

8. A metal wire 2*5 metres long, and 0*12 cm. dia- 
meter, has a resistance of 0*5 ohm. What is the conduc- 
tivity of the material? 

9. Describe the metre form of Wheatstone’s Bridge 
and explain its theory very briefly. 

10. What IS the essential difference between an am- 
meter and a voltmeter? 

How would you determine the resistance of an electric 
lamp while glowing, if you were provided with an Ammeter 
and a Voltmeter? Draw a diagram of the experimental 
arrangement. (P. U, 1931). 



CHAPTER VII 

THERMAL EFFECTS, THERMO-ELECTRICITY 

AND 

ELECTRIC LIGHTING CIRCUITS. 

318 . An electric current is capable of doing vari- 
ous kinds of work, such as chemical, magnetic, mecha- 
nical and thermal. By Ohm’s Law, the current pro- 
duced by a given cell diminishes, as the resistance of 
the circuit is increased. Why is it so? The reason is, 
‘‘Whenever electricity in motion is stopped by resistance, 
the energy of the flow is frittered away by the resis- 
tance into heat; just as whenever matter in motion is 
stopped by friction, the energy of motion is frittered 
away into heat.” Heat in fact, always appears when- 
ever a conductor offers resistance to the flow of electri- 
city. For instance, if the terminals of a battery of six 
accumulators be joined by a thick copper wire, no ap- 
preciable heat is generated in the wire, while the battery 
becomes hot; but if the terminals be joined by a long 
thin wire of platinum, the wire may begin to glow, 
while the battery will remain cool. 

We have defined Volt as the difference of poten- 
tial existing between two points, such that 10" ergs of 
work are done in one second, if a current equal to one 
C.G,3. electromagnetic unit is maintained between those 
points. Or one joule, i.e. 10^ ergs are done, if a current 

equal to one Ampere, i.e, C.G.S. electromag- 

netic unit, is maintained for one second. 

If the difference of potential between two points 
be E volts and a current of C amperes be maintained 
between them, the work done in one second would be 
E^C Joules. As the difference of potentials JSJ, there- 
fore E Joules of work would be done, if a current of one 
ampere were flowing; but as the current is equal to C 
amperes, therefore work done in one secondssJS?. (7 joules^ 

bn 
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and the total work done in t seconds would be ECt 
joules or ECt x 10’ ergs. 

By Ohm’s Law, E’=^C,R 
ECt=^CHLt 

Now if the current be not employed to do a.ny 
other work, the whole of its energy will appear 
as heat, but the heat generated is always measured in 
calories* Joule found out that 4 24 x 10’ ergs of mecha- 
nical work are required to produce one calorie ; there- 
fore the amount of heat generated by the current will 

be equal or calories. This is Joule’s 

^ 4*24 X 10’ 4*24 

Law^ which states that the amount of heat generated 
in a circuit is proportional to (i) the square of the cur- 
rent, («) the resistance and {in) the time during which 
the current flows. 

319 . Joule’s Law can be demonstrated by the ap- 
paratus shown in figure 39. It 
consists of a highly polished 
thin copper calorimeter, having 
an ebonite cover, which has two 
holes, one for the thermometer 
and the other for the stirrer. 

Inside the calorimeter is a wire 
of known high resistance 
the ends of which are connec- 
ted to two binding screws fit- 
ted to the ebonite cover. 

The calorimeter is half filled with some oil of low 
specific resistance. After noting the weight and the 
initial temperature a curi'ont of definite strength C 
(as indicated by an ammeter A, connected in series) is 
passed for a time 0. The contents in the meanwhile, 
are kept well stirred and the resulting temperature T 
is carefully noted. 

By equating the energy of the heat produced with 
the electric energy expended, we get 
where W is the water-equivalent of the calorimeter 
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and its contents. 

From this J, the mechanical equivalent of a therm 
is given by the equation, 

By sending currents of various strengths and for 
different times, the value of J is always found to be 
the same. Thus we conclude that the quantity of heat 
produced in a conductor varies directly as the square of 
the current, directly as the resistance of the conductor 
and directly as the time. 

320. Electric lamp. One of the most important 
applications of heating effects of currents is the electric 
lamp. We know, the hotter a body is, the more effi- 
cient it IS as a source of light. For an efficient elec- 
trically-heated lamp, we rec^uire a substance, which 
should neither fuse nor disintegrate at very high tem- 
peratures. On this account the first lamp, introduced 
by Edison in 1878, consisted of a fine platinum wire; 
but its commercial success was pre- 
vented both on account of its heavy 
cost and its fusion at high tempera- 
tures. Later on, it was found, that 
carbon filament answered the pur- 
pose even more satisfactorily than 
platinum; but since carbon burns in 
air, the filament must be enclosed 
in an exhausted glass vessel. 

An example of such kind of 
lamp, is the well-known incande- 
scent lamp shown in fig. 40. It 
consists of a filament of carbon en- 



closed in an exhausted glass bulb. Fig. 40 

The current passes into the filament by means of plati- 
num wires, fused into the ends of the glass vessel. The 
filaments are prepared from a soluble cellulose, which 
is obtained by dissolving cotton-wool in zinc chloride. 
Thick paste of the cellulose is drawn into a fine thread, 
which on drying, assumes the form of a catgut. This 
thread is then ^carbonized.’ 



THEKMAL EFFECTS 


676 


The carbon filament disintegrates at a temperature 
of about 1600®C. and moreover its resistance dimi- 
nishes with rise of temperature, so that it is very sen- 
sitive to fluctuations of voltage. 

Of late years, certain metals such as tantalium and 
tungsten have been discovered, which are extremely 
difficult to fuse and do not combine with oxygen at 
high temperatures. They are more refractory than 
carbon, hence they are extensively used for lamp fila- 
ments. 

The resistance of these metals is not so high as 
that of carbon. For this reason metal filaments are al- 
ways longer than carbon filaments and are to be coiled 
in a special manner. Dr. Bolton’s tantalium lamp and 
the well-known Osram lamp are examples of metallic 
filament lamps. The chief advantage of these lamps, 
lies in the fact that for the same consumption of power, 
these give three times the fight of a carbon filament 
and possess the same life. On account of these, the 
metallic filament lamps are now generally used in pre- 
ference to carbon filament lamps. 

321. The Arc Lamp. An arc lamp consists ot 
two carbon rods with their pointed ends near each other 
and is best suited for powerful lighting. Its light is 
more like the Sun than that of any other illuminant. 
If the rods of an arc lamp be examined, it is found that 
the positive pole is hollowed out. To work the lamp, 
the two pieces of carbon are made to touch lightly and 
a current passed. A little spark is produced, which 
volatilizes some of the carbon from the positive pole. 
The pieces of carbon are then gradually drawn apart and 
the current continiu’s to flow through the vapour. This 
white-hot vapour emits light. 

As carbon burns in air, the rods are gradually 
eaten up. In onler to maintain the arc, it is necessary 
to bring the ixxls slowly near together as they are used 
up. Thus to get a self-starting arc, the following con- 
ditions must be fulfilled: — 

(i) The rods should touch each other as soon 
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as the current is turned off. 

(ii) The rods should be drawn off to a reasonable 
distance as soon as the arc has been formed by turning 
on the current. 

(Hi) The rods should be brought near together as 
they are eaten away. 

The above conditions are fulfilled by the aid of 
electromagnetic arrangements. 

322 . The general plan of electric lighting installa- 
tion is that lamps, fans, motors etc., are all arranged 
in parallel. The advantage of this arrangement is, that 
any one lamp maybe put ojf without affecting the others^ 
besides as the lead wires are always of thick copper, all 
lamps etc. are supplied with the same voltage^ for the 
fall of potential along those wires is negligibly small. 

The general plan of electric installation in a build- 
ing is shown 
in fig. 41. The 
wires from fhe 
electric power- 
house enter the 
building gener- 
ally through a 
hollow metallic 
pipe fixed at 
the top of the 
building. The 
0 o m p a ny^s 
Meter M is con- Fig. 41 

nected in series as shown, to measure the electric energy 
consumed and a safety-fuse (c,f) is also installed in 
series, to guard against accidental short-circuiting. 

Beyond these is a double switch-key {D,8. Key) to 
cut off or put on the supply of energy to the building 
as desired. Then come a pair of safety-fuses having 
fuse wires thinner than those used by the Company, to 
safe-guard the building against casual short-circuit- 
ing. After this, lamps, fans and wall-plugs are installed 
in parallel; and they are controlled by switches. 
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It should be carefully observed that to set up one lamp- 
switch, two wires must be brought to the switch- 
board. But to set up two switches, only three wires 
need be brought and to set up three switches, i.e. to get 
three points, only four wires need be brought to th^ 
switch-board, as shown in the figure. On the switch- 
board, we see four wires coming to provide for a wall 
plug and two switches, one for a lamp and the other 
for a fan. ^ ' 


Key. In order to fit up a 


Lijht On 


\'Ly 


’^2 


LiSUtOff 




U 


323. Double Switch 

lamp for a staircase, so 
that a person using the 
stairs may be able to L\ 
switch on or off the 
light from either end as 
desired, arrangement, as 
shown in fig. 42, is ^ 
made. At each end is a ^ 
double switch-key {Le. 
one having three terminals.) Fio. 42 

The lamp terminals are connected to the middle 
terminals of the switch keys, as shown. This middle 
terminal at each end can be connected to the positive 
or negative wire as desired, by simply turning the 
handle of the switch. There will be light when the two 
terminals of the lamp are connected to the two wires, 
as shown in the upper fig. There will be no light, when 
the terminals are connected to the same wire. It will be 
observed that the lamp can be lighted or extinguished 
from either end as desired. 


The Board of Trade Unit. The ordinary 
units of current^ icork^ etc, are too small to 

be used for commercial purposes. The unit of power 
employed for commercial purposes, also known as the 
Board of Trade unit (B.O.T.), is the kilowatt or 1000 
joules per second; and the unit of quantity*** of electrical 
energy is the kilowatt-hour or the amount of work 


*Care must be taken to distinguish between unit of electrical eneigy 
and unit of quantity of electricity. 
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done in an himr at the rate of 1000 watts or joules 
per second. Thus it is equal to 3*6 X 10"^ joules. 

324. Thermo-electricity. About the year 1821, 
Seebeck discovered that if a closed circuit be made of 
two different metals and one of the junctions be heated: 
then a current begins to flow. Thus if a piece of 
bismuth and a piece of 
antimony be welded to- 
gether and their free ends 
joined with a short-coil 
sensitive galvanometer, fig. 

43 and if the junction J be 
heated; then a current, whose 
direction at the heated 
point is from bismuth to Fig. 43 

antimony, flows. Currents so produced are called 
thermo-electric currents and the to which 

they are due, are called thermo-electromotive forces. 
The strength of the current is proportional to the 
difference of temperature between the hot junction 
and the cold ends. If however, the junction is cooled 
below the temperature of the ends; then the current 
begins to flow in the opposite direction. The current 
continues to flow, so long as the difference of tempera- 
ture is maintained. The energy of the current is due 
to the heat-energy, which is absorbed at the junction. 

325. Thermo-electric Inversion. A simple thermo- 
electric couple, as shown above, exhibits many interest- 
ing phenomena ; if the junction of a copper- iron couple 
be placed in a hot bath, while the other ends remain at 
the temperature of the melting ice. It will be noted 
that as the temperature of the junction rises, the 
deflection of the galvanometer increases, showing aii 
increase of thermo-electric current. The increase in 
current-strength is rapid at first, but becomes less and 
less rapid as the temperature rises. After a time the 
increase comes to a stop and the current attains a maxi- 
mum value. If the heating be still further continued, the 
current begins to decrease, till it reaches zero-value. If 
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however, heating be still further continued, the current 
is reversed in the circuit. Thus to sum up, the current 
increases at first, attains its maximum value and then 
decreases. Ultimately the current is reversed after 
reaching its zero-value. 

The following interesting points can be experi- 
mentally verified: — 

(i) For a given thermo-couple, the current attains its 
maximum value at a fixed temperature, which is always the 
same, whatever the temperature of the other ends may be. 

(^7) The temperature, at which the reversal of the 
current takes place, is as much above the temperature of 
maximum current as that is above the temperature of the 
cold ends. That is, the temperature of the maximum current 
IS the mean of the temperatures of . the cold ends and of 
reversal. 

Thus for example, in a copper-iron couple, if the 
cold junctions be at 35*^0., the temperature of maximum 
current will be about 26()°C. and the temperature of 
reversal, about 485^0. If the temperature of cold 
junction be 0°C.; then the temperature of maximum 
current will still be the same, i,e. 260°, but the 
temperature of reversal will bo 620°C. The temperature 
of maximum current for any couple is known as the 
neutral point for that couple. It should be clearly 
noted that it is always constant for a given couple and 
is the mean of the junction temperatures, when re- 
versal takes place. The temperature of reversal depends 

upon the temperature of the cold junction. 

326. Thermo-electric Pile. A single thermo-couple 
gives a very feeble current; 
thus a bismuth-antimony 
couple, which perhaps gives 
the greatest E, M, F, for a 
given difference of tempe- 
rature between its junctions, 
gives an E.M,F. of about 117 
micro**'-volts. In order to in- 
crease the electromotive force. 

^One microvolt H one-niilhoiith of <i volt. 



Fig. 44 
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of thermo-electric pairs, it is customary to join a number 
of pairs of metals in senes] so bent that the alternate 
junctions can be heated, as shown in fig. 44 , while the 
other junctions are kept cool. The several 
all act in the same direction and current is increased 
in proportion to the number of pairs of junctions. 
Mellon! constructed a thermopile of very large number 
of bismuth-antimony couples. In his hands, this proved a 
very sensitive thermometer, when used in conjunction 
with a sensitive short-coil mirror galvanometer. This 
instrument is extremely useful for detecting very small 
differences of temperature. The arrangement of the 
thermopile for this purpose is shown in fig. 44 . 

SUMMARY 

1 . The work done by a current is ECt and the heat 

ECt 

produced, measured in calories, is 7777 . This is known as 

4 24 

Joule’s Law. 

2. Incandescent electric lamp consists of a filament of 
carbon in an exhausted bulb. Instead of carbon filament, 
rare metal filaments can be used. 

3 . An arc lamp consists of two pointed carbon rods 
with their pointed ends near each other. To start the action, 
it is necessary to bring them very close together; this is 
done by electromagnets. 

4. The ordinary practical units are not employed, be- 
cause they are too small for commercial purposes. The Board 
of Trade Units are employed for the purpose. The B.O.T. unit 
of power IS lOOU Joules per second and is called the kilowatt. 
The unit of electric energy is called the kilowatt-hour. It is 
the amount of work done m an hour at the rate of one 
kilowatt per second. 

5. Thermo-electric current is that, which is produced 
when a junction of two metals is heated, while the other 
ends are kept cool. 

6. Neutral point is the temperature of maximum current 
for a given thermo-couple. 

7. Temperature of Reversal is that at which the thermo- 
electric current changes direction. 

8. Thermopile consists of a large number of thermo- 
couples arranged in series. 
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EXAMPLES 

1. A tangent galvanometer, having a coil of 10 turns of 
40 cms. radius, gives a deflection of 45® with a current of 
one ampere.* Calculate the Earth’s horizontal component 
at the place. 



1 

r 

tanO 

_2ir.l0^ 

1 

40 

10 

— *157 gauss. 


20 

2. If one ampere flowing through a T, galvanometer 
causes a magnetic force of *20 dyne at the centre of the coil; 
find the reduction-factor for the galvanometer, if U be equal 
to *82 gauss. 

^ 2'n’^ic 


r 
iOr 


* 20 = 


5 

_ 1 


but K- 


*16 


/I_ Trx^32 _. 

2Tr 2‘w 

3. 40 Bunsen cells (JS.illf.K=r8 volts each) are con- 
nected in series and the circuit is completed by a wire of 10 
ohms. Supposing the internal resistance of each cell to be 
0*25 ohm, calculate the strength of the current. 

The total J5;.il/.i<^.=40X 1'8=72‘0 volts. 

The total resistance in circuit ^10+ 40 X *25 
= 10+10=20 ohms 
V 72 

the current =— =3*6 Amperes. 

xt 2U 

4. Taking specific resistance of copper as 1642 absolute 
units; calculate the resistance of a kilometre of copper wire, 
whose diameter is 1 millimetre. 

The resistance of a wire is given by 

R=~-s 


„ , , _ 1000X100X1642. 

Besistance 


400 
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and in 


ohins = 


100000X1642X400 

•JTXIO® 


=20*89 ohms. 


5. Calculate by Joule's Law, the number of calories of 
heat developed in a wire, whose resistance is 4 ohms, when 
a steady current of *14 ampere is passed through it for 10 
minutes. 


By Joule’s Law, heat developed in calories is 


424 ’ 


when all the quantities are measured in practical units. 

, _'142X4X10X60 , 

. . we have= =11 2 calories. 

4 24 


6. A 50 C.P. lamp on a 150 volts circuit, consumes one 
ampere. If electrical energy costs 9d. per B.O.T. unit, how 
much will such a lamp cost per hour? 

The lamp uses 150 X 1 watts per sec. =0*15 kilowatt per 
hour. 

the cost per hour=‘15 X 9cZ. = r356Z. 

7. A current of 9 amperes works an electric arc light 
and the difference of potential between the two carbons is 
140 volts. What must be the horse-power of the 8ii])ply 
dynamo? 

The quantity of work done by the current in one second 
=9 X 140 Joules or watts 

= 1260 watts per second. 

This is equal to 1*260 B O.T. units per hour. Now 746 
watts are equal to 1 H. P. 

Therefore the quantity of power absorbed in H.P. 

= 1M=1-69 H.P. 

746 

8. A voltmeter, connected in parallel with a given 
coil ill a circuit, gives a potential difference of *4 volt and an 
ammeter in series with the coil shows *5 ampere. Find the 
resistance of the coil. 

9. A lamp connected on 220 volts supply uses *5 
ampere. Find its resistance and also the watts consumed 
per second. 

10. An arc lamp requires 5 amperes and the difference 
of potential between its terminals is 45 volts. What resis- 
tance must be connected in series with it, so that it may be 
worked from 220 volts supply? 

1 1. The Lahore Electric Supply Co. is to transmit equal 
amounts of power to Lahore and Amritsar, distances 4 and 
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36 miles respectively, from the “Power^^ plant. The Com- 
pany wishes that heat losses in the two line-wires should be 
the same. If the voltage of the Lahore current be 200. 
what should be the voltage of the Amritsar cuirent? 

12. An ammeter is graduated to read 1*6 amperes and 
has a resistance of 0*1 ohm. What resistance should be 
connected in parallel with it as a shunt, so that it may b© 
used to measure a current upto 16 amperes? 

18. An ammeter and a silver voltameter are connected 
in series. The deflection noticed in the ammeter is 

^ of the whole range, provided gram of silver is deposit- 
ed in 10 minutes. What is the total range of the ammeter? 

14. What do you understand by a half-watt lamp. A 40 
C.P. half-watt lamp is connected to a 220 volts circuit. How 
much current will it take and how much will it cost per 
hour at 8 annas per B.O.T. unit^ 

15. A lamp, consuming 30 watts per second, is connec- 
ted in series with a battery and a copper voltameter. The 
deposition of copper after % hour is 0*089 gm. Find the 
potential difference between the terminals of the lamp. Elec- 
tro-chemical equivalent of copper ==*00033 gm. per coulomb. 

(RU, 1929). 

16. An electric lamp of 100 candle power is found to 

take a current of 0*225 ampere, when the voltage is 220. 
Calculate: (t) the consumption of power in watts and (li) the 
cost of using the lamp for 6 hours, if one B.O.T. unit costs 
6 annas. (P.f7 1928). 

17. A 220 volts electric tea-kettle takes 990 watts. Cal- 
culate: (/) the lesistance of the heating element, (//) the time 
required to melt and boil away 1 kilogram of ice, assuming 
a heat loss of 40 per cent by various souices. (P.f/. 1927). 

18. A 100 c p, lamp is lighted and when immersed m 
a beaker of water, is found to impait 5700 therms per minute. 
If the bulb is blackened, the number of therms rises to 6000 
per minute. Neglecting radiation; calculate : — 

(i) percentage ol energy converted to light the lamp. 
(ti) cm rent taken by the lamp, (lamp voltage = 2 10). 

(tit) Wyatts per candle power. Therm =4*2 X 10^ ergs. 

(RR. 1926). 

19. A flat iron weighing three kilograms uses 4*5 units 
of current, when operating on a 110 volts circuit. How much 
time will it take to heat the flat iron from 20° C. to 200° C.? 
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ap. heat of iron is 0*113 and a therm=4*2 Joules. 

20. Find an expression for the work done by a current. 
What is a Joule? 

21. Describe an Incandescent lamp. Why is an arc 
lamp unsuitable for domestic purposes? 

22. What is the B O.T. unit of electric energy? Why 
was it introduced? 

23. Describe the construction and use of a thermopile. 

24. Give a diagrammatic sketch of electric installation 
in a house. 

25. How will you connect a two-way staircase lamp? 



CHAPTER VIII 

ELECTRO MAGNETIC INDUCTION 

327 . Faraday discovered that, when a magnet 
was moved in a closed circuit, a current was generated. 
His method of observation was as 
shown in fig. 45. The two ends of 
a coil of insulated wire are joined to 
a delicate Ballistic galvanometer and 
if the iV-seeking pole of a magnet 
be rapidly inserted into the hollow 
of the coil, it is observed that the 
magnetic needle of the galvano- 
meter is deflected, showing that a mo- 
mentary current has been produced. 

Keep the magnet in the hollow and 
observe that no current whatsoever flows. Now take 
the magnet out of the hollow and see that a deflection 
to the opposite side is produced. This shows that a mo- 
mentary current is again produced in the coil, but in the 
opposite direction. This experiment clearly shows, that 
a momentary current is produceil in the coil, when the 
magnet is moved either in or out of the hollow of that 
coil; and that no current is produced, if the magnet 
keeps lying in the hollow. These momentary currents 
produced in a circuit by the motion of a magnet in its 
hollow are called induced currents. 

On repeating the above experiment with the /S-seek- 
ing pole of a magnet, it is observed that the current 
induced when AS-seeking pole is inserted, is opposite in 
direction to that induced, when the ^V-seeking pole is 
inserted ; but is in the same direction as that produced, 
when a A^-seeking pole is taken out. The magnitude of 
the deflection however, remains the same, if the rapidity 
with which the AS'-seeking pole is inserted is the same, 

585 



Fig. 45 
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as was in the case of the ^-seeking pole. Thus it is clear 
that the direction of the induced current depends upon 
the direction of the magnetic pole introduced. 

We have already learnt in magnetism, that lines 
of force originate from the i\^-seeking pole of a magnet 
and end on the 5-seeking pole; or we can say that +ue 
lines are always linked with the iV-seeking pole and 
— uc lines with the ^S-seeking pole. Therefore theoreti- 
cally, on the above basis, we can say that the effect of 
introducing a TV-seeking pole is to insert +r^ lines of 
force in the hollow and that of taking it away is 
to remove those -hue lines of force. Similarly the effect 
of inserting and taking away a /S-seeking pole is to 
insert — ue lines of force and then to remove them. 
Thus the changes in the lines of force on inserting and 
removing a magnet in the hollow of a coil, can be repre- 
sented in the following manner, if n lines of force are 
supposed to be linked with the magnet: — 

Introducing N pole from 0 to n Change of n lines (i) 

Removing N. ,, „ - n to 0 „ — n (^^) 

Inserting S. ,, ,, 0 to — n ,, — n (^n) 

Removing S. ,, ,, — n to 0 ,, n (id) 

Thus we see that experiments (i) and (iv) are mag- 
netically the same and so give currents in one direction; 
while experiments (ii) and (lii) are similar to each other 
but opposite to (i) ahd (*?’), and hence give currents in 
opposite direction to (/) and (iv). 

328. Currents produced by Mutual Induction* 
Faraday showed that induced 
currents are produced in a 
circuit, whenever a current 
is started or stopped in a coil 
placed in its hollow. The plan 
of the apparatus is shown in 
fig. 46. 

As before, the terminals of 
a coil are joined to a Ballistic 
galvanometer; and another coil ^ 
of stout wire, which can be ^ 
inserted in the hollow of the Fig. 46 

first coil, is connected to the terminals of a battery 
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The outer coil is called the Secondary and the inner coil 
the Primary. The tvsro together are known as Inducto- 
rium. On inserting the primary, through which a cur- 
rent is flowing, into the secondary, a momentary current 
is produced in the latter; and on taking the primary out 
of it, a current in the reverse direction is produced. But 
so long as a steady current is traversing the primary, 
no induced current is produced; unless there is relative 
motion between the two. This phenomenon is called 
Mutual Induction. Wfienever a current is started or 
stopped in the primary coil of an inductorium^ a momen- 
tary current is produced in the secondamj. 

We have already seen, that a coil of many turns 
when traversed by a current has a field similar to that of 
a magnet; hence the effect of making a circuit is 
similar to that of the insertion of a magnet in the pri- 
mary. The effects produced in this latter case are 
more pronounced, if a soft-iron core is inserted in the 
primary coil. 

329 . On the basis of the above experimental facts, 
Faraday formulated the following laws, which are 
known by the name of Faraday's Laws of Electro- 
magnetic Induction. 

(1) A current is induced in a circuity whenever the 
number of lines of magnetic force running through the 
circuit is changed. 

(2) The induced current is transient, and lasts only 
while the change in the flow of magnetic lines of force^ 
through the circuity is taking place. 

(3) The direction of the induced current depends on 
the direction of the lines of force] and ts such that its re- 
action tends to stop the motion^ to which it is due. 

(4) The magnitude of E. M. F. induced is pro- 
portional to the rate at which the lines of force change. 

On examining the direction of the induced current, 
we see that when a iV-pole is inserted, the induceci 
current has such a direction, that the face of the coil 
approached becomes a north face, which therefore op- 
poses the motion of the magnet. When the iV*pole is 
withdrawn, the induced current has such a direction 
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that this face is a south face, which therefore tends to 
draw the magnet back again. Or to sum up ; the induced 
Cimkent is in such a direction, that its reaction tends to stop 
the motion 07* displacement, to which the induced current 
is due. This statement is knonm as Lenz’s Law. 

330. Self-induction. When a current is started 
in a coil of wire, a magnetic field due to this current is 
suddenly set up. The effect of this is to induce an oj)- 
posing E.M.F. in that veiy coil itself, in a direction 
opposite to that of the current, which sets up the mag- 
netic field. Due to this, the primary current takes 
longer time to attain its full strength. Similarly, 
when the current is stopped, the magnetic field is 
suddenly destroyed and an induced E.M.F., in the same 
direction as the primary current, is produced. The 
effect of this is that the current is not stopped all at 
once. Such currents are said to be due to Self-Induction. 

Experiment. Self-induced currents can be beautifully 
demonstrated with the help of the appara- 
tus shown in fig. 47. Current from a 
battery of 12 accumulators, divides itself 
into two portions, one of them flows 
round the coil of a strong electro-magnet 
and the other lights a small electric lamp 
dimly. On breaking the battery-circuit by 
releasing the key, current due to self- 
induction flows through the lamp, which for 
a moment glows brightly. 

33L Energy of induced Current. 

Induced current is capable of doing 
work ; hence the question arises : 

Wherefrom is this energy derived 
in the secondary ? According to the 
universal law of conservation of energy, Fig. 47 
this cannot be created by itself and evidently there 
is no source of energy in the secondary itself. The 
energy of the induced current must be due to 
some external agency. The straight-forward answer 
to this is, that the energy is derived from the mechanic 
cal work done in overcoming the mutual forces of 
attraction and repulsion between the secondary circuit 
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nnd the primary or the magnet. Thus when a magnetic 
North pole is approaching, the direction of tlie induced 
current is such as to produce a North pole at the 
upper end of the coil; and hence a force of repulsion is 
exerted. When however, the magnet is receding, the 
induced current exerts a force of attraction. Extra work 
done against these opposing forces represents the energy 
of the induced current. 

332. RuhmkorflPs Induction Coil. This is an 



{a) Fm. 48 (A) 

inductorium, provided with an automatic arrangement 
for rapidly starting and stopping the current. The. 
primary consists of a few turns of thick well-insulated 
wire, wound round a soft^iron rod. The secondary con- 
sists of a very large number of turns of thin, highly 
insulated wire, wound over the primary. The whole is 
covered over by a highly insulated ebonite cover. The 
two ends of the secondary terminate in screws over 
the ebonite cover ; and to them, sparking rods can be 
attached at will. 

The connections of the primary with the battery 
are shown in fig. 48 (6). One end of the primary is direct- 
ly connected to the battery ; while the other is connect- 
ed through the hammer //and the screw S. In addition 
to this, in good instruments there is always attached a 
condenser C, as s1io\mi in the figure. One end of this is 
connected to the hammer and the other to the screw. 
The hammer H consists of a spring, fixed at the lower 
end and to its upper end is attached a piece of soft iron. 
6' is a screw with a platinum tip, which can be made to 
touch the hammer lightly. 
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The working of an induction coil is as follows : — 
When the current is first started, the iron core inside 
the primary coil becomes magnetized and attracts the 
soft iron piece of the hammer H towards itself. This 
results in breaking the contact with S. The circuit is 
broken and the current stopped. The iron core ceases’ 
to be a magnet and hence does not attract the soft 
iron piece of hammer, which by force of the spring, to 
which it is attached goes back to its original positioni 
and makes contact with the screw S. On so doing, 
the current is again started and the same operation 
repeated. Thus the current is made and broken rapidly. 
The effect, of this rapid make and break in the primary, 
is to set up corresponding induced currents in the secon- 
dary. At make, the induced current is in one direction; 
while at break, it is in the other. Thus an alternating 
current is produced in the secondary. 

Now the real working is not so simple as des- 
cribed above. Because when a current is started, 
an induced current is produced in the opposite direction, 
on account of self-induction; and for this reason, 
the current in the primary does not assume its full value 
all at once, but is spread over a longer period. Hence 
the E. M. F. induced in the secondary at make is not 
high, because the induced E. M. F. depends upon the 
rate at which the change takes place. 

The break however, is done mechanically by the 
attraction of the hammer towards the iron core and is 
instantaneous. Therefore, the induced E. M. F. in the 
secondary will be very high. When the gap between 
H and 8 is produced, due to the attraction of II to- 
wards the iron core; then the self-induced current in the 
primary, on account of the sudden stoppage of the pri- 
mary current, tries to jump from the hammer over to 
the screw and thus produces a spark, which acts in- 
juriously, in wearing the platinum tip of the screw. 

Thus we see, that in an induction coil without a 
condenser, a spark is first produced between the ham- 
mer and the screw and secondly the make is slow and 
the break comparatively rapid. Now a condenser is 
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attached to the induction coil, to remedy the first defect; 
and so to modify the second, that the ‘make’ is accom- 
plished more slowly and the ‘break’ more rapidly. The 
effect of this is that very high EM.l\ is induced at breaks 
while comparatively very small E.M.F. is induced at 
make. This results in an intermittent current ahcays in 
one direction^ rather than an alternating current. And 
this is what is generally wanted; i.e. a current at high 
E.M.l\ should be flowing always in the same direction. 
This is achieved in the following manner: — 

(i) The self-induced current, produced in the pri- 
mary at break, does not produce the spark; but on the 
contrary follows the path of least resistance and charges 
the condenser. Thus the spark is avoided and the break 
is done very rapidly. 

(ii) At make, the charged condenser is first dis- 
charged and then the current can be set up in the 
primary. Thus the make is still more delayed; and on 
this account, the E. M. F. induced would be very low. 

To sum up. The action of the condenser consists in 
preventing the spark and also in producing an inter- 
mittent current, in the same direction in the secondary; 
rather than an alternating current. 

333. The Transformer. The Rulimkorff's Induction 
coil is a sort of (Step-up) transformer This is used to 
transform a current of low E, tL F, and high current- 
value into one of high E, M. F. and low current- value. 
The ratio of E, il/. F, induced in the secondary to 
that in the primary, is equal to the ratio of the number 
of turns of the secondary to that of the primary; 

JF E 

i.e, , where E is the E. M. F. induced in the 

e n 

secondary, e that at the ends of the primary, N the 
number of turns of the secondary and n that of the 
primary, 

SUMMARY 

1 . Whenever a change in the number of lines of 
force enclosed by a circuit takes place, an induced current 
is produced^ The direction of this induced current depends 
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upon the direction of the lines of force. 

2. The induced current is momentary; and the E.M,F^ 
induced is directly proportional to the rate, at which the 
change takes place. 

3. A combination of two coils, one over the other, is 
known as Inductorium. 

4 . In an inductorium, if the current in one of the coils 
be altered, an induced current is produced in the other. 
This phenomenon is called Mutual Induction. 

5. Whenever a current is started, stopped or varied 
in a coil, then an induced current is produced in that very 
coil. On this account, the current at the time of starting 
does not attain its full value all at once. This is called 

Self-induction. 

6. Faraday's Laws. Whenever a magnetic flux, enclosed 
by a circuit, is changed, an induced current is produced ; 
the EM,F, induced, depends upon the rate of change of 
the magnetic flux. 

7. Lena's Law. The direction of the induced current 
is such, that its reaction always tends to stop the motion 
or the change to which the induced current is due. 

8. Ruhmkorff's induction coil is an inductorium, in which 
the secondary consists of a very large number of turns of 
thin wire ; while the primary consists of a small number of 
turns of thick wire. In addition, there is an arrangement 
for rapid automatic make and break, 

9. The function of a condenser, usually attached to 
good induction coils, is * {%) To prevent the spark at the 
screw and {ii) To make the ‘break^ very rapid and the 
‘make’ very slow. 

EXAMPLES 

1. What are Faraday’s and Lenz’s Laws of Electro- 
magnetic Induction ? How would you prove them experi- 
mentally ? 

2. Define an inductorium, Self-Induction and mutual 
induction. 

3. Describe EubrnkorfiPs induction coil and state its 
utility. Also describe the action of the condenser. 



CHAPTER IX 

PRACTICAL APPLICATIONS 


334. Electric Bell. This is a commou application 
of electromagnets. A small 
horse-shoe electromagnet is 
mounted on a wooden base. 

One end of the wire is direct- 
ly connected to a Ticclanche 
cell, through a bell-push P 
and the other is attached to 
one end of the spring S The 
spring, which is always of 
steel, is so adjusted that when 
no current is passing, it 
makes light contact with the 
screw H and a wire from 
this screw, is connected to 
the second pole of the battery. Fio. 49 

The spring at its other end carries a hammer, which lies 
close to the gong (7, as shown in figure 49. 

When contact is made by pressing the button of 
the bell-push, a current begins to flow round the electro- 
magnet and the horse-slioe shaped piece of iron 
becomes magnetized. It attracts the spring towards 
itself and makes the hammer strike against the gong. 
But when the spring is attracted towards the electro- 
magnet, it docs not remain in contact with the screw. 
Thus tlie circuit is broken and consequently the 
current is stopped. The core, i,e, the horse-shoe shaped 
piece of iron, becomes demagnetized and the spring 
goes back to its original position; in so doing it 
makes contact with the screw. The circuit is again 
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completed and the core magnetized. The spring is 
once more attracted, but goes back as soon as contact 
with the screw is broken. In this way the spring trem- 
bles between the screw and the electromagnet, strikes 
against the gong and produces sound. The tip of the 
screw and that point of the spring, which comes in 
contact with the screw, are both made of platino-iridium 
to guard against wear and tear. 

334. (a) Arrangement for a single Bell ringing from 
different rooms. Sometimes it is desired to ring a single 
bell from differ- 
ent rooms. The 
arrangement 
for the pur- 
pose is shown 
in fig. 49 (a). 

The bell rings, 
whichever bell- 
push is pressed. 

To indicate the Fio. 49 (a) 

particular room of call, bulbs of different colours 
are attached for the purpose on a board. Thus in the 
diagram when J5. 1 is pressed; besides the ringing of the 
bell, yellow bulb will also be lighted up. Similarly 
B, 2 and B. 3 will, when pressed light up blue and red 
lamps respectively, besides ringing the bell. 

It is also possible to ring different bells, with the 




same battery from one place. The arrangement for the 
purpose is shown in fig. 49 (6). 

335. Telegraphy. The figure shows the plan 
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of the most extensively used open system of tele- 
graphy. By this arrangement, messages from one 
station can be transmitted simultaneously to all others, 
which are included in the same circuit. In this system, 
as in all other modern systems of telegraphy, only one 
wire called the line tmre is used to connect several 
stations. The circuit is completed through the Earth. 

Each of the stations A and B is provided with a 
battery as well as a Morse key and a receiver, 
which may be a galvanometer or any other device 
to detect electric currents. The negative pole of 
the battery and one end of the receiver are con- 
nected to the Earth; and the -f- ye pole of the batte- 
ry and the other end of the receiver, to the two 
screws of the Morse key, in such a manner that when 
the key is not pressed, the line wire is in contact 



Fig. 50 

with the receiver as at station B and when the 
key is pressed, contact of the line wire with the 
receiver is broken and it becomes connected to 
the positive pole of the battery as at station A. 
This is a very suitable arrangement, for each station 
when not sending out messages is in readiness to receive 
them from the other stations; and the signals of the 
sending station do not affect its own receiver. In the 
figure, A is shown as sending messages to B, 

Nowadays the receiver used is the sounder, which 
consists of a long soft iron tube finely poised between 



696 


CtMlKNT ELECTRICITY? 


an electromagnet. When a signal is sent from the 
transmitting station, the iron tube is attracted towards 
the electromagnet at the receiving station and a click 
IS produced by the tube coming in contact with the 
electromagnet. The receiver listens to these clicks 
and notices, whether the interval between two clicks 
is short or long. A short interval is called a dot and 
a long one, a dash. The Morse’s code for interpreting 
dots and dashes into letters of alphabet is of the form 
given below : — 

A B— . C 

336. Relay. In working over long distances, or 
where there are a number of 
instruments included in one 
circuit, sometimes the current 
is not strong enough to atfect 
the recording instrument di- 
rectly. In such cases a device, 
known as the relay^ is used. It 
consists of an eh^ctromagiiet, 
round which the line current flows. This electromag- 
net when magnetized attracts a light armature, which 
makes contact for a local circuit, in which a cell and 
the receiving instrument are included. The object of 
this is, that a current too weak to do the icork may set 
a strong local current to do its work for it* 

337. The telephone. The telephone was first 
invented by Graham Bell in 1876. The instrument first 
devised by him is still used as a Receiver’ though the 
^transmitter^ differs, in various details from the original. 
In the earliest form of telephone, no battery is used. 
It depends for its transmitting action upon magneto-elec- 
tricity and for its receiving action upon electromagne- 
tism. They (i.c. both the leeeiver and the transmitter) 
consist of a very thin »ron diajdiragm, fixed round the 
edges of pieces of soft iron, attached to the ends of a per- 
manent horse-shoe magnet fig. 61 (^). 

The sound waves, falling on the diaphragm, set it 



Fio. 60 {a) 
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into vibrations. These vibrations cliange the mimher of 
lines of force in the coil, which is 
wound* round the soft iron pieces. 

The induced currents produced flow 
one way or the other in the coil, and 
are carried by the line wires to the 
other station, where the}’' circulate 
round pieces of soft iron of a similar 
instrument, causing? rapid variations 
in the pole-strength of the magnet. Fro. 51 (/) 

On this account the iron disc fixed near to its ends is 
set into vibrations, which correspond exactly with 
those of the first instrument and thus sound-waves 
are reproduced. The instiument, wherefrom speech 
is transmitted, is called the ‘transmitter’ and the one, 
where the sounds are n'juoduced, is called the ‘lecoiver.’ 

338, Modern Telephone Nowadays in telephony 
the receiver used is similar to that used by Bell: but 
the transmitter, called the microphone, is diflerent. 
The present day transniittei fig 61 {it) consists ol a thin 
diaphragm, which is in contact 
with pieces of carbon and these 
again are in contact with a block 
of carbon. The poles of the battery 
are connected through the pri- 
mary of the induct oriiim and a 
switch to the carbon block and 
the iron diaphragm respectively, 
so that the circuit is completed 
through the loose coni act of gra- 
nulated carbon The ends of the 
secondary are joine<l to the receiver, whieh is similar to 
that used by Bell. Tlie battery-switch S makes contact 
only when the ivceivcr is taken out and held in hand. 
It is constiucte^l on the print i pic that when a loose 

* Ooils vvotiiid 111 opiX)site •diioction '4 on the .soft non pieces 
attached to the opposite polos of a horse- slioc niagiiet, so that induced 
currents may be in the same diiectioii. 
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contact is included in a circuit; sound waves falling 
on that loose contact, cause variations in the resistance 
and therefore in the current. The variations in resistance 
produced in this manner are necessarily small; they 
produce appreciable effect, only when the total 
resistance of the circuit is comparatively small. But in 
telephony, long line wires are used and they 
have sufficient resistance; therefore small variations 
in resistance produce no effect in the current, 
when the total resistance is high. This difficulty is over- 
come by including an indue torium in the circuit near 
the transmitter Fig. 51 (ii). The vaiiable current passes 



the secondary. The variations in E, M, F, induced in 
the secondary are sufficiently great and the currents 
sent through the line wires are strong enough to affect 
the receiver at the distant end. Figure 61 (iii) shows the 
arrangement of a modern transmitter and receiver.* 

It may be noticed that in telegraphy, we use only 
one wire and make use of the earth as the reiurn\ while 
in telephony, the earth is not used as the return^ but in- 
stead two wires are used. This is not due to the fact that 
currents in telephony are weak. The reason is, that in 
telegraphy we are concerned only with dots and dashes 
and the induction currents of the earth do not produce 
any appreciable effect; while in telephony, exact repro- 
duction of sound is a necessity. If earth he used as the 

*As 18 evident from the figure, the speaker hears his own sound as 
well in the receiver, but this makes no difference, for in ordinary con- 
versation too, the speaker hears his own speech. 
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retum^ the Earth’s induction currents produce distortion 
in the sound. To avoid this defect, two wires are used 
and the Earth is not used as the return. 

339. The Dynamo. We have learnt in Chapter 
VIII, that if a closed circuit be moved in a 
magnetic field, in such a way as to vary the number of 
magnetic lines of force enclosed by it; then a current 
is induced, the direction 
of which depends upon the 
direction of the lines of 
force. From Lenz’s Law 
it is evident, that if a coil 
of wire beheld between the 
poles of a magnet with its 
plane perpendicular to the 
lines of force and then ro- 
tated about a vertical axis; 
the number of lines of force 
passing through the coil is Pig. 52 

reduced from maximum to zero, when the coil rotates 
from 0^ to 90® and an induced E,M,F. is set up in one 
direction. On rotating it 
from 90®to 180®, Le. from 
the plane of the field to 5; 
a plane perpendicular | 
to it; the induced E.M.F. 
is in the same direc- 
tion as before, but dimini- Fio. 62 (i) 

shes from maximum to zero. When rotated Jrom 180® to 
270®, the E,M,F. is in the opposite direction, increases in 
value and becomes zero, when the coil has become vertical. 
At every half revolution, the current is reversed; such a 
current is called an alternating current Fig. 52 (i) shows 
how the current in the circuit changes during one com- 
plete revolution of the coil. The number of complete cycles 
in each second, is called frequency of the alternating 
current. The coil of wire, which is rotated in the magnetic 
field to give current, is called the armature and is wound 
over an iron core, which (e) serves as a rigid support for 
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the coil of wire and (ii) causes a great increase in the 
number of magnetic lines of force, cut by the coil of wire, 
when it rotates; for the magnetic lines of force prefer a 
path through soft iron, due to its great permeability. 
If the field be due to powerful magnets, and the 
a-rmature consist of many turns, the apparatus called the 
dynamo, would be capable of lighting a small volts 
lamp. The magnets, which produce the field are gene- 
rally electromagnets and are known as Field magnets. 

If the armature be rotated slowly, tlien the light 
would flicker; and it would appear continuous, if the 
number of revolutions be about 25 per second. The 
alternating current supplied for lighting and other pur- 
jioses IS generally of frequency 50. 

The alternating current from the armature is con- 
veyed by two brushes, touching the metal rings attached 
to the ends of the armature 

To get direct cw rent, the ends of the coil are joined 
to the two halves of a split tube or ring, as shown in 
fig. 52. Such a device is called a commutator. With such 
an arrangement, when the 
coil IS rotating, one of the 
brushes will always be m ^ . 
contact with that half of ^ ^ 
the split ring, through 
which the current is com- 
ing from the armature and Fiu. 52 {ii) 

the other with that half, through which the current 
goes to the armature. The current thus olitained is 
graphically represented, as shown in fig. 52 {ii). 

By rotating very rapidly an armature, having a 
number of coils wound round it, we can get a current 
of almost uniform strength. 

The magnetic field, in which the armature rotates, 
is produced by powerful electromagnets. The current 
for the electromagnet is produced by the dynamo itself. 

339 (a) Transformers. Whenever electric energy, popular- 
ly known as electric power, is to be sent from the generating 
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station to distant centres of consumption, the problem of dis- 



Fig. 53 

tribution, with the minimum of wastage and expense is the one 
to be tackled with. Electric energy m loatts is given by the 
product of volts and amperes. Thus if it is desired to transmit 
1,00,000 watts from the Mandi Hydro-Electric supply station 
to Amritsar, a distance of about 75 miles; and if we are to 
send a current of 400 amps at a voltage of 250, we would 
111 the first instance require very thick copper wires, the cost 
of which would be prohibitive; secondly there would be 
enormous wastage of energy resulting in the heating of 
transmission lines; and thirdly the voltage available at 
Amritsar will be much less than 250. 

All these difficulties are successfully overcome by 
transmitting energy at a very high voltage (say 10000 in 
this particular case) and low current strength (of 10 amps.). 
High voltage does not require thick wires and thus or- 
dinary wires are used. As the current is not very stioiig, 
the wastage of energy due to heating will also be neg- 
ligible. Energy at such high voltage can neither be easily pro- 
duced by dynamos nor easily utilized and is very dangerous. 
Therefore at the generating station, a device to convert a cur- 
rent of low voltage and high amperage into one of high volt- 
age and low amperage, is used. Such a device is called a itep- 
up transformer At the consumption station, a similar device 
is used to convert a current of high voltage and low current 
strength into one of low voltage and high current value. 
Such an arrangement is called a step-down transformer. 

The alternating current transformers consist of a ring of 
soft iron having two coils, one of thick copper of few turns 
and the other of many turns of thin wire. Thus, if at the 
generating station the dynamo is giving a curient of 500 
volts and this is to be converted into a current of 10000 
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volts. The terminals of the dynamo are connected to the pri- 
mary or thick copper coil of the transfoimer, the line wires 
are connected to the secondary or thin wire coil of the trans- 
former. If the ratio of turns of the secondaiy to the primary! 
is as 20 : 1 ; then the E,M^F, m the line wire (or secondary) 
will be 500 X 20=10000 volts. At the consumption station, 
if it IS desired to lower the voltage to 250, the primarj^ 
should consist of a coil of many turns and the secondary of 
thick copper wire of few turns. If the ratio of the turns of the 
primary to those of the secondary is as 1 ' 40, the EM^F, at 
the terminals of the secondary will be reduced to 10000/40 = 
250 volts, which is quite safe for consumption purposes. 
An arrangement of the installation is shown in fig. 53 

How this transformation takes place, has already been 
indicated. The current in the primary magnetizes the soft 
iron ring and thus sets up a magnetic field within it. The 
lines of force due to this field, pass through the turns of the 
secondary coil and thus produce a momentary E M F. The 
E.3f.F. at the terminals of the secondary bears the same ratio 
to the E,M,F. at the terminals of the primary, as the number 
of turns of the secondary bears to the number of turns of the 
primary. The energy obtained from the secondary can 
never be greater than that put into the primary. 

To transform a direct current is a rather tedious affair. 
A direct transformer consists of a combination of a motor and 
a dynamo. It is not possible to get from dynamos a direct 
current, of voltage higher than 600; when higher voltages 
than this are required, use is made of rectifiers, which 
convert an alternating current of high E.3I,F. into one of 
direct current. 

340. The Electric Motor. 

If two semi-circular iron bars be taken and a wire 
wound round both of them in the 
same direction, and if battery connec- 
tions as shown in fig. 54 (^) be made; 
then we shall have two semi-circular 
electromagnets, having their similar 
poles near each other. 

These two semi-circular bars can 
be joined together so as to form a ring, 
which shall have a strong /S', pole at Fio. 54 (i) 
one end and a strong N. pole at the other, as shown in 
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fig. 54 {ii). If such a ring be placed between the poles 
of a strong horse-shoe shaped magnet, then the iV-seek- 
ing pole of the ring would be repelled by the iV-seek- 


ing pole of the magnet and its /S-seeking pole 
repelled by the /S-seeking pole of the magnet; so 
that the ring would tend to move in the direction, 
shown by the arrows. Now if wo could arrange 
to make the cur- 
rent always enter and 
leave at right angles 

to the direction of the i Vi 

lines of magnetic force, 2/^ ^ ^ 

then the ring should go \ V \ aS\ 

on moving continuously. 

This is the principle of 

an electric motor. The Fio 54 (ii) 

ring, with the coils of wire wound round it, is called 
the armature, as in a dynamo and the magnet is called 

the field magnet. 


The arrangement by which the current can be 
made always to enter and 
leave at right angles 
to the direction of the 
lines of magnetic force, 
due to the field magnet, 
is called a commutator. 

Its construction is as 
follows : — The battery 
terminals end in brass 
plates, as shown in fig. 54 {ia)\ and every turn of the coil 
wound round the ring, carries a small projecting wire 
which when the armature is rotating, comes in contact 
with the brass plates, one after the other. Thus the 
current is always made to enter and leave at the two 
brass plates. 

From what has been said, it is clear that there is 
no difference in the construction of a dynamo and an 
electric motor. In the latter, current is made to do 



Fig. 54 (Hi 
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mechanical work, while in the former mechanical energy 
is converted into electric energy. 

341. Wireless Telegraphy. It is the method of 
communication between distant places by electromag- 
netic waves, propagated through ether. 

Production of waves. In 1888, Hertz the celebra- 
ted German Physicist showed, 
by arranging two knobs to 
form a spark gap across a big 
Leyden jar, that when a spark 
passes between the knobs, the 
positive and negative charges rush 
to and fro in opposite directions. 

The motion of the charges is simi- 
lar to the motion of a pendulum 
bob. Just as the bob at its lowest 
point overshoots its mark due to its 
kinetic energy; similarly the oppo- 
site charges overshoot, and for a 
moment the knobs become oppositely charged. The 
process continues till the energy of the charge is dis- 
sipated away in the form oi heat or in the form of 
radiations, known as electromagnetic waves. That 
waves are given out, when a spark passes, was pre- 
dicted by Maxwell and experimentally demonstrated 
by Hertz. 

Detection of electromagnetic waves. In Chapter 
Vni, it has been shown that when a conductor is moved 
so as to cut the lines of magnetic force, an E M.F, is in- 
duced in the conductor. The same result follows when 
the conductor is kept stationary and the magnetic lines 
of force move. All what is needed is, relative motion 
between the two. Thus when magnetic waves pro- 
duced in the manner described above, strike against a 
vertically-held metal wire, an induced EM.F, is set up 
in the wire. The EM,F. so induced rapidly alternates, as 
the approaching waves undergo rapid changes of direc- 
tion. The alternating E.M.F. sets up oscillating cur- 
rents, which may be detected by suitable apparatus. 
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In wireless, arrangements are made to imj^ress tlie 
modulations of the speaker’s voice on ether at the 
transmitting station, while at the receiving station 
arrangements are made to receive these ether waves 
and convert them into sound. 

342. Wireless transmitter. At the transmitting 
station, a long wire called the aerial is suspended from 
the top of a very high pole and the lower end is con- 
nected to an arrangement (like that of an induction- 
coil) to send an alternating current in the aerial wire. 
Every time the current goes up and down the aerial, 
electromagnetic waves are set up in the ether ; they 
travel in all directions, though they become weaker as 
they go far off from the source. These waves are 
transmitted with the velocity of light. Signals are 
transmitted, by causing interruptions in the current of 
the aerial wire at the transmitting station. To get an 
alternating current of high frequency, several devices 
are resorted to, one of them being the induction-coil. 
One end of the secondary coil is earthed and the other 
end to the aerial wire; and a little sparking gap is 
provided between the two. 

In order to get best results, the aerial wire has to 


A=aerial 

V.L= variable in- 


A 


ductance 

V.C.= variable capa- 
city in series 
E=: Earth 
S.G.=spar gap 
S.I.=secondary of 
induction- coil 
P.I.=Primary of in- 
ductioii-coil 
K=key for inter- 
ruptions. 



Fig. 56 

be proportioned according to the frequency required, 
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i.e, for high frequency the aerial should be small and for 
low frequency the aerial should be long. In fact the aerial 
should bo equal to half the wave-length. 

It is difficult, if not impossible, to vary the length 
of the aerial every time ; for this purpose a variable 
inductance and a capacity are arranged in the transmit- 
ting circuit. The effect of an inductance in senes and 
a capacity in parallel^ is to increase the effective length 
of the aerial; while the effect of a capacity in series, is 
to decrease its effective length. Thus an ordinary 
transmitting apparatus is of the form, shown in fig 54. 

343. Wireless Receiver. When the electromagne- 
tic waves sent by a transmitting station impinge 
against the aerial of a receiving station, oscillating 
currents are set up in it. To adjust the receiving aerial 
to different wave-lengths, a condenser and an induc- 
tance are included in it, as in a transmitting aerial. In 
order to listen to the signals, a telephone receiver is 
also essential. 

Y 


A= Aerial 
V.I.=Variable 
inductance 
E= Earth 
V.C.=Variable 
condenser 
C= Condenser 
T=Telephone 
C.D.=Crystal 
detector. 



Fio. 57 

A telephone does not respond to an alternating 
current of high frequency, due to its inertia; it requires a 
direct current for its operation. A steady current will 
not produce any sound in a telephone. It is a vary- 
ing current, which produces sound in a telephone. 
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Therefore the oscillating alternate current in the 
receiving aerial is made uni-directional, by a device 
known as crystal detector, which consists of a crystal of 
carborundum. It allows current in one direction only 
and thus makes the sound audible in a telephone. This 
property of the crystal is called rectification. The receiv- 
ing set of a simple crystal detector is shown in fig. 57. 



Thermionic Valve. Thermionic valve, as first devised by 
Fleming in 1904, consists of a filament 
of tungsten and a cylinder of nickel, 
supported by a platinum wire, insulated 
from one another and enclosed in a 
vacuum bulb like an ordinary incan- 
descent lamp. The tungsten filament 
called the Cathode or Filament is 
made to glow by passing a cm lent 
from two or three accumulators. The 
nickel cylinder called the A node or 
Plate IS maintained, at a positive po- Fig. 58 

tential with respect to the filament. When the filament is 
heated by an electric current, electrons are shot out from it. 
Being negatively charged, they are attracted by the Anode. 
Thus a negative current may be supposed to flow from the 
filament to the Anode or a positive one from the Anode 
to the filament. 

If the Anode were negatively charged, nocurient would 
flow; because instead of attracting the electrons, it williepel 
them. Thus the valve allows current in one direction only 
and acts as a rectifier. In order to maintain the Anode 
at a constant positive potential, 
it is connected as shoun m 
the diagram to the positive pole 
of a high tension batterj^; 
the negative pole of which is con- 
nected to the negative of the low 
tension battery, use<l to light the 
filament. When the filament is 
lighted, a current will be noticed 
to flow through the galvanometer, 
connected in the Anode circuit. 

Fig. 59 shows how such a 
valve may be used as a rectifier. 

The electric waves falling on the 



Fig. 69 
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give rise to 



608 


CURRENT ELECTRICITY 


alternating induced E.M.F. in the circuit and thus the anode 
becomes alternately charged positively and negatively. 
When it acquires negative charge, no current flows but 
when it acquires -f- charge, current flows and a click is 
heard in the telephone. 

The Fleming valve described above has been modified 
by the introduction of a third electrode, between the filament 
and the Anode. This is generally made up of copper gauze 
or a spiral of thin wire and is called the Grid. Such a valve 
IS called a Triode valve, see fig. 60. 

Since the grid is nearer to the filament than the anode, 
a change of potential difiPerence 
between it and the filament pro- 
duces a greater change in the 
plate current. The grid thus 
provides a means of controlling 
the anode filament current by 
small potential changes. Thus the 
addition of the giid enables us to 
use the triode valve as an ampli- 
fier. 

The diagram illustrates how 
the first triode valve acts as an 
amplifier. The small E.M F\s induced in the 
striking of waves are impiessed on the grid, 
big variations 
in the Anode 
current. This 
current passes 
through the pri- 
mary of a trans- 
former, the se- 
condary of which 
forms part of a 
second circuit 
and so on. The 
amplification can 
be increased by 
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using a number of valves. 


Fig. 61 

The several circuits are ‘tuned’ 
i.e. their times of vibrations are made the same, in order to 
get maximum effect. The phenomenon is then like reso- 
nance in sound. 

344. Safety Fuses. To prevent a strong current 
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from running: through any circuit, safety- fuses are used. 
These (safety fuses) usually consist of a short length of 
wire of an alloy with high specific resistance and low 
melting-point; and depend, for their action, upon the 
thermal effects of currents. The diameter of the wire is 
so selected that a current, stronger than that required 
in the circuit, would heat it up to its melting- 
point and so break the circuit. The diameter </, m 
millimetres, of a wire which fuses with any given 
current of C amperes, is given by the relation 

where « is a constant depending on the 

a ^ 

matenal. 

For copper rt=80 
for tin rt = 12 8 
and for lead a=l()8 

345. Electroplating. The coating ot an object 
with a coherent layer ot any nieta), is called electroplat- 
ing. The metals usually employed for coating purposes 
are silver, gold, nickel and copper. The process of 
electroplating depends upon the pniu iple of electro- 
lysis. The object to bo coated is thoroughly cleansed 
by washing in soda and acid respectively; and is I lien 
made the Tcathode of an electrolysis cell. For the 
metallic ions always travel with the current. Tlie anode 
must consist of the metal with which the object is to 
be coated and the electrolyte should be the solution 
of a salt of tho same metal. If the object to bo coated 
IS a non-conductor, its surface is rendered conducting 
by covering it with a thin layer of graphite. 

In electro-silvering and gilding, tho electrolytes 
used are: (i) double cyanide of silver and potassium and 
(ii) double cyanide of gold and potassium respectively. 

EXAMPLES 

1. Descrilie the construction and working of an ordi- 
nary electric bell. 
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2. What IS the difference between a dynamo and an 
electric motor ? 

3. What IS a safety fuse ? What is its use and what 
conditions are necessary for the material of the fuse ’ 

4. What do you understand by electroplating ? How 
would you electroplate a ring with gold ? Sketch the form 
of the apparatus. 

5. Describe the open system of telegraphy and state 
the function of relays. 

6. What IS a telephone ? Describe a modern trans- 
mitter. 



CHAPTER X 


X-RAYS & DISCHARGE OF ELECTRICITY 
THROUGH GASES 


346. Spark Discharge. The difference of potential 
between the electrodes, recpiired to start the discharge, 
is called the Hpark Potential, It is independent of 
the material of the electrodes but is directly proportion- 
al to the distance between them and the pr(‘ssure of 
the ga,s. This statement is known as Paschen’s law. 


In order to study the discharge at low pressures, 
we take a sufficiently long tube, as shown in fig. (>2, 
with two metallic electrodes -f. 
fused into the ends an<l a /''j \ 

side tube for reducing the ^ \j 

pressure. The latter is con- H [yq^hjhp 

nected to a mercury air- ▼ 


pump and the electrodes, to Via, 62 

the secondary terminals of an induction coil. No dis- 


charge takes place at the ordinary pressure, because 
the distance between the two electrodes is gieater than 
the spark length for the coil. 


Now work the pump and begin reducing pressure 
till a point is reached, when intermittent ciackling 
flashes of rosy-coloured light b(*gin to pass between 
the two electrodes. If the pressure be decreased 
still farther, the crackling nature of the discliarge dis- 
appears, its path widens and it takes place (piietly. 
The colour of the discharge depends upon the nature 
of the gas contained m the tube At this stage, a 
difference between the two ends of the discharge be- 
comes noticeable and a discontinuity near the cathode is 
seen. The glow loses its uniform character and 
assumes different characteristics at different places of 


fill 
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the tube, which becomes marked with strise, consisting 
of layers ot luminosity separated by dark spaces. 

The discontinuity noticed near the cathode, called 
the Faraday’s dark space, increases in size; and with 
decreasing pressure, it becomes covered with a luminous 
glow. If the pressure be reduced still tuither, then it 
IS noticed that the strim thicken and Faraday’s dark 
space becomes less distinct. The luminous glow sepa- 
rates from the kathode, leaving a second dark space, 
known as Crook’s dark space. The positive column, 
consisting of the striations, extends from the Faraday 
dark space up to the anode. 

Further reduction of the pressure results in the 
growth of the Crook’s dark space and the disappearance! 
of the positive column. At this stage, the pressure 
IS nearly 0 037 mm. The Crook’s dark space is 
always bounded by a luminous glow; and when it 
extends to the glass walls of the tube, a bright 
phosphorescence is seen. The colour of the glow 
depends upon the nature of the glass used. So far, 
decrease in pressure is accompanied by decrease 
of resistance; but further reduction causes the resistance 
to increase enormously; the highest vacuum is thus a 
perfect non-conductor, and it becomes impossible to 
get a discharge. 

347. Cathode rays. When the vacuum inside a dis- 
charge tube reaches such a stage, that Crook’s dark 
space extends to the walls of the tube and produces 
phosphorescence; then the phenomena has been in- 
vestigated by Sir William Crook, to be due to some^ 
thing emitted with high velocity from the cathode. 
These are called Kathode rays, which consist of a 
stream of very small particles, carrying a small negative 
charge. These particles are known as electrons. Their 

mass is nearly ~ — of an hvdrogen atom and their 

velocity is nearly th that of light. Their other 
properties are : — 
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(i) They travel hi straight lines. Tins is demonstra- 
ted by placing au obstacle lu 
the path of the rays (tig 63) 

The obstacle is okserved 
to produce a shadow on the 
wall of the tube. 

(n) They possess women- 
him and thus produce weeha- Fin. 63 

nical pressure on the hodip against which they impinge 
This IS shown by the 
help of the apparatus of 
fig. 64. The rays, when 
they impinge on the mica 
mill-wlieol, set it into 
rotation. 

{ill) The rays produce 
heat when they full on 
matter. If the cathode be Fio. (>4 

made concave and a piece of thin platinum sheet be 
placed at its focus, it is seen to become red hot. 

(ir) The cathode rays are deflected by a magnetic 
field,, lihe an electric current. The etfect can bo shown 
very easily, with the help of the tube of fig 63. The 
shadow of the cross is made to go up or down, by tlie 
application of a strong magnetic field, jiiodiiccd by 
powerful electromagnets. 

348. Positive or Canal Rays. If the cathode be 
perforated, then rays are seen behind it. They carry a 
small amount of positive charge and aie known as 
Positive or Canal rays. 

349. X-Rays. If the kathode be made concave and 
the rays be focussed on a piece ot jilatiiuim. by placing 
it at the centre of curvature of the electrode, wutli 
its plane at an angle of 45^^ to its axis, fig. 63: 
then radiations of very short wave-length, known as 
A'-rays are given off from this platinum piece, called the 
anti-kathode. These rays, known also as Rontgen 
rays, after the name of their discoverer, differ from 
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the kathode rays. 

These rays are not deflected by a magnetic or an 
electric field, and hence 
they cannot be a stream 
of charged particles. 

They are different from 
light, because they can 
pass through many 
substances, which are Fid. 66 

opaiiue to ordinary light. Substances like load, which 
have high atomic weight, are opaque to .Y-rays; 
while those like aluminium, that have low atomic 
weight, are transparent to them. X-rays ionise the 
gas through which they pass and thus make it a con- 
ductor of electricity. Being waves of extremely short 
wave-length, they cannot affect our retina and hence 
are invisible. They readily affect a photographic plate 
and are capable of exciting powerful fluorescence in 
many substances. The latter property is most marked 
in barium platino-cyanide and its screens are used to 
detect X-rays. If a hand be interposed iii the path of 
X-rays and then a screen, coated with the above com- 
pound, be placed between the hand and the eyes, a 
shadow of the bones becomes visible on the screen. 

X-rays are ether-waves of small wave-lengths. 
They are produced by the sudden stoppage of electrons 
by the anti-kathode. The higher the vacuum and the 
harder the anti-kathode, the greater is the penetrating 
power of X-rays. The wave-length of X-rays is roughly 

j^of the wave-length of ordinary light. Their 

velocity is just the same as that of light. 

X-rays are used by surgeons to locate fractures of 
bones or other extraneous matter in human body, by 
Radiographs fig. 66, which is an X-ray photograph of 
8 child’s hand, taken with Coolidge tube in the Govern- 
ment College, Iiahore. They are now extensively used 
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to study the structure of crystals. X-rays may also be 
used to detect the contents of a closed box. Whenever 



Radiograph of a child’s hand. 

Fio. ()6 

A^-rays fall on a body, secondary rays of longc^r wave- 
lengths are given out by that body. This ‘effect^ is 
known as Compton effect, after the name of the dis- 
coverer. 

350. The structure of the atom. The atom of a siib.stance, 
according to the modern conception, is supposed to consist 
of a central nucleus of positive charge called the ]>roton and 
a number of elections, revolving round it in definite orbits 
like the planets, with the following differences. — the ratio 
of the size ot the electron to that of the atom is much 
smaller than that of any planet to the Sun; [li) the planets 
are held in their comses by the force of gravitation, ^vhlle 
the little electrons are kept to their circular paths by the 
force of electric attraction; and (m) all elections aie iden- 
tical, while the vaiious planets differ in size. 

EXAMINATION QUESTIONS XII 

1. (live an account of the methods of producing 

(t) Cathode rays {<0 A-i ays, and a general comparison of 
their properties. iP.if. 

2. Draw a diagram to show how telegraph messages 
are sent from Lahore to Bombay; relay is to be shown iii the 
connections. 
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3. Three wires, each having a resistance of 15 ohms^ 
are connected in series and then in parallel to the poles of a 
battery of negligible resistance and of E. J/. F. 5 volts. 
Compare the currents in the two cases. 

4. A lead accumulator {E. J/. = 2 volts) furnishes a 

cun ent of 10 amperes through an ammeter of 0*1 ohm le- 
sistance. Find the resistance of the accumulator. 

5. A voltmeter (resistance 2000 ohms) is shunted with 
a vvire of I ohm resistance, to act as an ammeter. What 
fraction of the total current will flow through the volt- 
meter coir-^ 

G. All electric lamp of 25 watts requires ith. of an 
ampere. Will an accumulator, capable of giving 30 am- 
peres on short ciicuit, light the lamp Give leasons. 

7. Describe the construction of an accumulator and 
state the actions, which take place. 

8 Define specific resistance and give a method of 
finding the same by a Post-office box. 

9. What IS Local Action and Polaiization What 
methods are used to make a Volta cell work continuously? 

10. Describe Kuhmkoiff’s induction coil Suppose 
you want to transform a cuirent of high tension into one of 
low tension , what will you do*-^ 

1 1 Name and define the practical units of current, 
resistance, E. M F, and electrical energv 

12. Describe how you will receive wiieless signals 
with a (iry-'^tal set. How will you arrange to tune the in- 
strument ^ 

13. Dchcribe how to get A-ravs What are their pro- 
perties ami how should an operator protect himself*^ 

14. Desciibe either an electric motor or a telejihone. 

15. What are the chief diffeiences between an 
Ammeter and a V^oltmeter 

IG. State Farad ay ^s Laws of Electrolysis and Electro- 
magnetic Induction. 

17. Why does an electric lamp glow, while the lead 
wires remain cool ? 

18. Describe the construction and working of a tan- 
gent galvanometer. How will you make it sensitive*^ What 
advantages has a moving-coil galvanometer over the tangent 
form ? 
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Examples — (P. 9) 

3. 24860 miles nearly. 4. 50*91 tbs. per c. foot.* 

5. 9952*38 gms. 6, *6 tb. nearly. 

7. 7079 litres; 250 c. feet ; 7079 kilograms. 15625 tbs. 

Examples— (P. P. 19—23) 

8. 17*73 feet per second. 9. BC 

10. 10\/2 inN.W. direction. 11. 44 7 miles at an angle 

12. 70 feet per second. tangent"^ — ‘5 with the 

13. 7 miles per hr. up the noith. 

stream and 1 mile per 15. 15 miles jier liour due 

hour down the stream. east, 

Examples — (P. P. 29 — 33) 


.132 


9. Retardation of second per second. 


10. 

38’4 feet. 


11. 

m 40^3 ft. sec.^ 

12. 

337'5 feet 


13. 

velocity=86 4 ft ; 

14 

640 miles per hr. per hr. 


height*=518'4 leet. 

15. 

16 feet ; 256 feet. 

16. 

100 leet, 80 feet. 

17. 

Total time=3| 

secs. 

18. 

5 secs., 220 feet, 60 ‘/g 


total distance = 

210V4ft 

19. 

32\/5 ft. per sec., 





\/h secs. 

20. 

^ J- sec. 


21. 

200 feet. 


Examples — (P. P. 46 — 47) 


3, 562^2 Poundals. 4. 735760 units of moinen- 

6, 256 feet and 2000 feet, turn. 

6. 200 dynes. 73*675 

7. 2*6 feet per second. 8. One minute. 

9. 4*624X10^ 10. 224:675 

11. 2 seconds, 64 feet from the roof, 320 units, 

12. One revolution per second, 

617 
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Examples ~ 

-{P. P. 1 

58—61) 

8 . 

It will be diminished. 

9. 

Sr=98r3 

10. 

16 feet per second. 

11. 

11200 pound al 8. 

12, 

5:16 

13. 

6— lbs. weight, 
lo 

14. 

25 feet. 

15. 

9.7 

16. 

179200V'3 

17. 

e-.,n - 

18. 

16 feet per second. 

19. 

28 feet per second. 

20. 

18 V 3 




Examination Questions 1 — 

(P. P. 61—62) 

6. 

2 V 2 lt)s. weight. 

7. 

4840 feet. 

8. 

32 feet per second. 

9. 

7^3 seconds. 

10. 

As 1 :327 




Examples- 

-(P. P. 

67—68) 

3. 

ton weight. 

4. 

24 feet and 12 feet 

5. 

9*658 feet per sec. per 1 

sec. 

per sec. 

6. 

2*24 lbs. wt. per ton. 




Examples- 

-{P. P. 

74—76) 

4. 

4 V 3 feet from 4 lbs. < 

snd. 5. 

5 feet. 

6. 

2 V 2 lbs. weight. 

7. 

40 tbs. 

8. 

50 tbs. weight. 

9. 

3 feet. 


Examples- 

-(P. P. 

84—87) 

10. 

754'3 

11. 

6*0 X 10® gms. wt. cms. 

12. 

1792 ft. tbs. 

13. 

346*4 metres, per sec. 

14. 

3320240 ft. tbs. 

15. 

163*2 H.P. 

16. 

iH. P. 

17. 

40655- lbs. wt. 

18. 

5*12X10^" ergs. 

19. 

6*075 X 10" ergs. 

20. 

75 ft. tbs. 




Examples- 

-(P. P. 

92-93) 

4. 

35*50 lbs. wt. 




Examination Questions 11- 

-(P. P. 93- 94) 

6. 

2685X10*" ergs. 

9. 

30° and 45° respectively. 


Examples — 

(P. P. : 

108—109) 

5. 

1^1 3 and iVs 

6. 

4t tbs. weight. 

7. 

2 tbs. 

8. 

16 feet. 
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Exampiet — 

(P. P. 

118—119) 

5, 

True \veiglit== 10*247 1 

lbs. 7. 

3s. dd. and 2s. 4|d. 


Examples — 

(P. P. 139—140) 

4. 

22*8 feet. 

5. 

169125 lbs. 

6 . 

14 tons and 3^2 tons. 

7. 

800 lbs. 

9. 

36*864 feet. 

10. 

5’63 tbs. wt per sq inch. 


Examples — 

(P. P. J 44 -145) 

5. 

3218*75 c. yds. 

6. 

2| 


Examination Questions III— 

(P. P. 145—146) 

1 . 

731 

3 

2910, 3022461 

G. 

91 -li 

1 >) 

7. 

2 gins. 

8, 

•G7o . 'tt 

9 

90*96 gms. weight 


Exampiet — iP P. 154“ 15G) 


4. 

Specific gravity of solid=o : 

sp. gravity of li(|iiid=2. 

5. 

200 c. c. G. 

« 

T 

7. 

2 8. 

14 inches, y* 

9. 

Sectional area= 04 sq 10 

15 gins. 


oms and density =6 gins. 11. 

Alcohol is 0 .309 of the 


per c.c. 

mixture. 

12 . 

88 



Examples — (P. P. 

163— 1 64) 

5. 

71*35 cms 7. 

27*2 Indies. 

8 

30 inches. 9, 

75 cms. 

10. 

15 c. c. 



Examples — (P. P. ' 

170—171) 

4. 

42^ !s feet. 5. 

1070 cms. of water 


30 inches. 

column. 


Examination Quettiom IV — (P* 17G) 
H. 12’92 metres. 6. 3 04 meties. 
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HEAT 


Example* — (P. 196) 


4. 

36’95'C 

1 ., 89^32‘'C. 

5. 

20^76 



Examples- 

-(p. P. : 

223—226) 

7. 

0*124 inches. 

8. 

O^OOOl, 0^0003 

9. 

10’20 


10. 

0^000009 

11. 

64’1°C. 


12. 

36°C. 

13. 

20 for 0 and 300 for II on I 

\P.S. system, 


or 0=2 

*75X10® and 

H=4-14X10’ 


(In questions like these the ( 

equation R V=PT refers 


tb. or 

gm. molecule of the 

substance). 

14. 

452°C, 


16. 

234^7 



Examination 

QuetUen* 

V— (P. 226) 

3. 

26‘6''C 

-40°C.. 50°r. 




Examples- 

-(P. P. 

234—235) 

3. 

12 sms. 


4. 

79°C. 

6. 

0'091 


6. 

0 138 

7. 

77 9 


8, 

0^62 



Examples- 

-(P. P. 246—247) 

3. 

67‘3''C. 


4, 

Yes, 0^39“C. 

5. 

•916 


6. 

86^87 

7 

•23 






Examples- 

-(P. P. 256—257) 

3. 

318 sms. 


4. 

29 9 gms. 

5. 

68^1°C. 


6. 

59^1 gms. 



Examples — (P. 

269) 

3. 

74'5 per 

cent. 

4. 

318^7 c.c. 


Examination Questions 

VI— (P. 270) 

6. 

•11 






Examples— 

(P. P. 287—288) 

3. 

18000 kilo-gms. 

4. 

82^5 gms. 

6. 

82^6'’C. 


6. 

•2 
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E«inple.-(P. P. 296—297) 

3, •233°C. 4. 8’0 X 10® cms. 

6, 132000 It) s. P units. 7. 2 058X10 cms. 

Examination Questions VII — (P. 297) 

1. 79 cms. 800°C. 

19. *000187 22. 1 mm. 


LIGHT 

Examples — (P. 308) 

1. 1920 Candle Power. 2. 1*414 feet. 

3. 36 per cent. 4. 1 66 feet. 

5. 210000 miles, 6. 264 feet. 

7^ Umbra circle 2'' diameter. 

Penumbra surrounds it and a O of 3'' radius. 

Examples — (P. P. 328 — 329) 

3. 33*33 4. 6 mms. 

6. 30 cms. 8. 8 inches behind the 

7. 171*9 cms. mirror. 

Examples — (P. 349) 

1. Sin-~‘| 2. 1*41 

3. 6 inches. 4. 2 inches. 

6. +20 inches; concave lens. 6. v=^28 cms. beyond the 

7. 6| ft, from the candle, second lens ; image real, 

ft. inverted, 3*2 cms. high. 

8. 5 cms. 9. 12 cms. 

Examples — (P. 371) 

1. 6 2. 6^1 3 cms. 

3. 100 and 302*08 cms. 4. -11*6 inches f. length. 

5. 3*75 and 4 6. *251 inch. 

Examination Questions Vlll — (P. 374) 


1. 4^/g feet, 
8. 60 cms 


2. 2 inches and 4 inches. 
6. 10 and 6^8 
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SOUND 

Examples — (P. P. 390 — 39 1) 

3. 3360 ft. 4. 4*7143 secs. slow. 

5. 272*5 ft. per minute, 

distance =4360 ft. 

Examples — (P. 395) 

1. 45 2. 300 

3. 23*26 4. 49 5 

5. 400 lbs. 

Examples — (P. 405) 

1 . 261 2. 256, 288, 320, etc. 

3. 340\/r5 metres per sec. 4. 336*66 metres per sec. 

Examples — (P. 413) 

1*1 ft. 2. 44*8 cms. approximately 

3. 128 per sec. 4. 120 cms. 

5. *71 ft. 

Examination Questions IX — (P .P . 413 — 414) 

7. 336 ft. S 14 approximately. 

STATICAL ELECTRICITY 

Examples — (P. 423) 

5. 1*33 dynes. 

Examples — (P. 443) 

4 ^ IT 5. 4*4 approximately. 

7.* 3920 TT 

Examples — (P. 461) 

15 1 ^ 63 63 

5. 4,^ , 13*4 approximately, b. , — 


Examples — (P. 465) 


2. 

1/45 dyne. 



Examination Questions X- 

-(P. P. 467—469) 

6. 

89*4 e.s. units. 

11. Potentials 1 : 5 


Surface densities 1 : 5 

12. 

208*8 e.s. units. 

13. C=2; F=4. 

14. 

P=40;Qi=400; Q.j=600. 

15. 1:0'96 
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7. 


MAGNETISM 
Example* — (P. 484) 
f cms. approximately. 




Example* — 

(P. P. 

497—41)8) 

1. 

M= 

= 50 




m = 

= 10 



14. 

152 


15. 

•0081 

16. 

160 

ergs. 

17. 

0*25 dynes and 50 units. 

18. 

13: 

28 

10. 

1*5 dj^nes. 



Examination Questions 

XI— (P. 510) 

3. 

160 

C.G.S. magaetic 

4. 

*55 very approximatelj". 


units. 6. 67°-40' 


CURRENT ELECTRICITY 
Example.— (P. P. 581—584) 


8. 

0*8 ohms. 

9. 

440 ohms, 110 watts. 

10. 

35 ohms. 

11. 

600 Volts. 

12. 

^ of an ohm. 

13. 

15 amperes (v. approxi 

14. 

*091 ampere, 2 pies 


mately). 


approximately. 

15. 

200;i Volts. 

16. 

49*5, 2 annas. 

17. 

48’8 oil ms, 1 hr. and 25 

18. 

5% ; 2 amps. 4*2 

watts 

mts. very approximately. 


per C.P. 

19. 

9 mts. 


Examination Questions XII ~ 

~(P.P. 615—616) 

3. 

1 

4. 

0*1 

5. 

2001 

6. 

No 




INDEX 


{The numbers 

A 

Absolute temperature, 210 
Absorption spectra, 353 
Acceleration Composition of, 29 
— Definition of, 2 i 
— Radial, 44 
— Uniform, 25 
Accumulator, 552 
Achromatism of lenses, 357 
— of Prisms, 356 
Aclinic line, 505 
Adiabatic elasticity, 387 
Aerial, 605 
Aeroplane, 174 
Agonic lines, 503 
Air, Geissler’s, Pump, 169 
— Pump, 168 
— ship, 172 
— Thermometer, 218 
Alternating current, 600 
Ammeter, 566 
Ampere, definition of, 530 
Ampere^s Rule, 527 
Amplitude, 370 
Aneroid barometer, IGO 
Anions, 546 
Anode, 546 
Antiiiode, 384 

Archimedes, principle of, 142 
Arc lamp, 575 
Armatuie, 600, 603 
Artificial magnets, 472 
Astatic galvanometer, 536 
Astigmatism, 364 
Astronomical telescope, 367 
Atmosphere, Pressure of, 158 
Atmospheric electricity. 466 
Atom, structure of, 615 
Attraction of charges, 416-17 
— currents, 543 
— ^magnets, 472, 481 


refer to imges) 

Atwood’.s machine, 53 
Axle and wheel, 00 

B 

Balance, Hydrostatic, 110 

— Spring, 117 
Barlow's wheel, 540 
Bar magnets, 472 
Baioineter, Aneroid, 160 
— Poi tin’s, 150 
— Mercurial, 158 
Battery of cells, 564 
Beam of light, 200 
Beats, 390 

Beaume’s hydrometei-, 150 
Bell, Electric, 593 
— Telephone. 506 
I Bichromate cell, 521 
Boiling point, 240 

— Determination of, 249 
— Effect of pressure on, 250 
Bottomley on Regelation, 240 
B.O.T. unit, 577 
Box lesistance, 557 
Boyle’s law, 161 
Bramah Press, 132 
Bunsen’s Cell, 623 

— Ice Calorimeter. 244 
— Photometer, 306 
C 

Caloric Theory, 280 
Calorie, 228 

Calorimeter, Black’s, 242 
— Bunsen’s, 244 
— Jolly’s Steam, 233 
—Laplace’s, 243 
— water-equivalent of, 220 
Camera, Photographic, 358 
Canal rays, 613 
Capacity of Parallel Plate 
condenser, 456 
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Capacity of Sphere, 452, 466 
— Specific Inductive, 454 
— Variable, 605 
Cathode rays, 612 
Cells, Dry, 524 

In Mixed circuit, 565 
„ Parallel, 564 
„ Series, 564 
— ^Primary, 520 
— Secondary, 552 
— Theory of, 514 
— Voltaic, 514 
Centre of gravity, 73 
Centrifugal force, 45 
Centripetal force, 44 
Charge, Residual, 458 
Charles’ law, 216 
Chemical Action of current, 546 
Chromatic aberration, 356, 357 
Chromosphere, 354 
Circular motion, 43 
Co-efficient of Apparent ex- 
pansion, 206 
— Cubical expansion, 198 
— Expansion at 
Constant Pressure, 213 
— Volume, 217 
— Linear expansion, 197 
— Real „ „ , 206 

— Superficial „ , 197 

Coils, resistance of, 557 
— Primary, 589 
— Secondary, 589 
Colours of bodies, 354 

— Complementary, 355 
— Primary, 355 
Commutator, 603 
Compass, Mariner’s, 508 
Compensated Pendulum, 203 
Compression, 381 
Concord, 404 

Condenser, Definition of, 453 
— In parallel, 460 
— ^Parallel plate, 465 


Condenser, Spherical, 453, 457 
Conductors of Electricity, 417 
— of Heat, 272 
Conjugate foci, 324 
Conservation of Energy, 81 
—Matter, 120 
— Momentum, 41 
Convection, 271 
Cooling by change of state, 252 
— curves, 286 
Coulomb, 530 
Couples, 72 
Critical angle, 336 
Crookes dark space, 612 
Orova’s disc, 381 
Cryophorus, Wollaston’s, 253 
Currents, Alternating, 699 

— Attraction and repul- 
sion of, 543 

— Direct, 600 
— Effects of, 586 
— Induced, 586 
— Unit of, 530 

D 

Dalton’s law, 261 
Darnell’s cell, 523 

— Hygrometer, 265 
Dark space, Earaday’s and 
Cf'ooks, 612 
D’Arsonval galvanometer, 542 
Davy’s Safety Lamp, 273 
Declination, 602 
Defects of vision, 362 
Demagnetization, 480 
Density, Definition of, 7 
Determination of, 146, 156 
Deviation, 338 

— Minimum, 338 
Dew Point, 265 
— ^Hygrometer, 265, 266, 267 
Diamagnets, 472 
Diatonic scale, 400 
Dielectric constant, 454 
Differential Air-thermos- 

cope, 195 
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Dioptre, 348 
Dip, Definition of, 503 
— circle, 504 

Discharge of electricity, 440 
— through gases, 611 
Discord, 404 
Dispersion, 350 
Distribution of charge, 439 
Double switch key, 577 
Dry cells, 524 
Dulong & Petit, 208 
Dynamo, 600 
Dyne, 38 

E 

Earth's magnetism, 601 
Ebullition, laws of, 249 
Echoes, 389 
Eclipse, 303 
Efficiency, 96 
Elasticity, 122 

— Isothermal, 387 
-—Adiabatic, 387 
Electric Bell, 593 
—Field, 462 
— Motor, 602 
— Telegraph, 595 
— Telephone, 596 
Electricity, Atmospheiic, 466 
Electrification, til eon es of, 431 
Electro-chemical equivalent, 

549 

Electrolysis, 546 
Electrolyte, 546 
Electromagnet, 541 
Electromotive force, 517 

— Definition of unit, 530 
Electron, 613 
Electrophorus, 415 
Electroplating, 609 
Electroscope, Gold-leaf, 419 
End-correction, 409 
Energy of charge, 458 
— ^Conservation of, 81 
^Dissipation of, 82 


Energy, Potential, 80 
Engine, Internal- 
combustion, 294 
— Steam, 292 
Equilibrium, 88 
Equi potential surfaces, 464 
Krg, 79 

Escapement, 56 
Ether, 126 
Evaporation, 252 
Ewing on Magnetism, 479 
Expansion of gases, 210 
— liquids, 205 
— solids, 197 
— water, 209 
Eye, 361 

— Defects of, 362 

F 

Faraday’s dark space, 612 
— Ice-pail expt., 437 
— Laws of Electrolysis, 549 
— Laws of Induction, 587 
Field, Earth’s, 601 
— Electric, 462 
— Magnetic, 475 
Fizeau’s method of finding 
velocity of light, 373 
Fleming’s left-hand 

rule, 539, 540 
Floating bodies, 141 
Flow of heat along a bar, 274 
Fluorescence, 613 
Flying machines, 172 
Focal lengths of lenses, 342 
— mirrors, 319 
Focus, 318 

Foice between charges, 421 
— between poles, 481 
— Composition of, 39 
— Definition of, 7 
— Electric lines of, 462 
— Laws of electric, 416 
— Laws of magnetic, 481 
— Magnetic lines of, 475 
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Force Pump, 167 
Forced vibrations, 407 
Fork, Tuning, 377 
Fortin’s Barometer, 159 
Fraunhofer lines, 352 
Free Vibrations, 407 
Freezang Mixture, 245 
Frequency of notes, 396 
Friction, Definition of, 63 
— machine, 443 
Fundamental units, 4 
Fuse, 608 

Fusion, Laws of, 237 

G 

Galileo, 48 

Galileo's Telescope, 368 
Galvanometer, Astatic, 536 
— Ballistic, 585 
— Constant, 534 
— D’Arsonval, 542 
— Eeduction factor of, 534 
— Tangent, 531 
Gases, Discharge of electricity 
through, 611 
— Expansion of, 210 
— Specific heat of, 232 
— Velocity of sound in, 
386, 387 

Geissler’s air-pump, 169 
Gravitation, 48 
Gravitational units, 57 
Gravity, Acceleration due to, 50 
— Centre of, 73 
— Mode of finding, 74 
Grove’s Cell, 523 

H 

Harrison’s gridiron pendulum, 

204 

Heat, Definition of, 180 
— EfiFects of, 180 
— Mechanical Equivalent 
of, 290 

— Modes of Propagation 
of, 271 


Heat, Production of. by elec- 
tric current 573 
— Theories of, 289 
Homogeneous medium, 299 
Horizontal component of the 
earth’s field, 506 
Horse Power, 79 
Humidity, Belative, 263 
Hydrostatic Balance, 147 
— Paradox, 134 
Hygrometer, Chemical, 263 
— Darnell’s, 265 
— Dry and wet bulb, 267 
— Regnault’s, 266 
Hyperinetropia, 363 
Hypsometer, 187, 188 
1 

Ice calorimeters, 242 

— Latent heat of fusion 
of, 237 

Ice-pail experiment, 437 
Inclined plane, 103 
Index of refraction, 330 
Induced currents, 585 
— Magnetism, 477 
Induction coil, 589 

— Electrostatic, 432 
— Magnetic, 477 
— Mutual, 587 
--Self, 589 
Inertia, 36 

Ingenhausz^s apparatus, 272 
Insulators, 418 

Intensity of electric field, 423 
— of illumination, 303 
— of magnetic field, 481 
Intensity of magnetization, 488 
— of sound, 396 
Interval, 401 
Inverse square law, 496 
— of electric force, 422 
— of intensity of light, 303 
— of magnetic force, 481 
“Of sound, 396 
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Isoclinic lines, 506 
Isogonic lines, 509 

J 

Jar, Leyden, 456 
Joule, 79 

Joule^s Mechanical Equiva- 
lent, 290 

— electric law of heat- 
ing, 673 

K 

Kaleidoscope, 318 
Kathode, 646 
Kations, 546 
Kinetic energy, 80 
Kilowatt-hour, 577 
Kirchhoff's Laws, 364 
L 

Lamp, Arc, 675 
— Half-watt, 675 
— Incandescent, 574 
— Plan of connections of, 576 
Latent heat of fusion, 237 
— of steam, 261 
— of vaporization, 262 
— of water, 241 
Law, Boyle’s, 161 
— Dalton’s, 261 
— Faraday’s, 687 
— KirchhoflP’s, 354 
— Lenz’s, 588 
— Newton’s, of motion, 35 
— of accelerations, 29 
— of conservation of 

energy, 81 
— of conservation of mo- 
mentum, 41 

— of electric force, 416 

- o( fusion, 237 

— of magnetic force, 481 

— of velocities, 13 
Leclanche cell, 622 
Lenses, 340 

Lenz’s Law, 688 
Lever, three kinds of, 97 


Leyden jar, 456 
Light, velocity of, 372 

— rectilinear propagation 
of, 299 

Lightning conductors, 441 
Limiting fiiction, 64 
Line of force, 462 
Local action, 516 
Lodestone, 471 
Longitudinal waves, 381 
Long-sight, 363 
Tioudness, 396 

M 

Machines, 95 

Magdeburg hemispheres, 158 
Magic (Proiection)Lantern,358 
Magnetic axis, 471 
— equator, 471 
— field, 474 
— Induction, 477 
— moment, 485 
Magnetometer, 492 
Magnification by lenses, 344 
— bv mirrors, 325 
Magnifying power of lens, 348 
— of telescope, 365 
Mariner’s compass, 508 
Mass, 2 
Matter, 2 

Mechanical advantage, 95 
— equivalent of heat, 290 
Melting-point, 236 
Mercury Barometer, 158 
— Thermometer, 186 
Metre bridge, 569 
Metuc system, 3 
Microphone, 697 
Microscope, 364 
Mirage, 337 
Miirors, Plane, 310 
— Spherical, 318 
Molecular theory of magne- 
tism, 479 

Moment, magnetic, 485 
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Moment of force, 69 
Momentum, 34 
Monochord, 392 
Motion of falling bodies, 51 
Motor, 602 

Moving-coil Ammeter, 567 
— Galvanometer, 542 
—Voltmeter, 567 
Musical Interval, 401 
— Scale, 400 
Myopia, 362 

N 

Neutral equilibrium, 92 
— Point, 476 

Newton on Giavitation, 49 
„ „ Velocity of Sound, 

386 

Newton’s Laws of motion, 35 
— Law of cooling, 284 
Nicholson’s hydrometer, 151 
Nodes, 384 

O 

Oersted’s Rule, 527 
Ohm, 531 
Ohm’s Law, 555 
Optical centre of a lens, 341 
Overtones, 393 
P 

Papin’s digester, 251 
Parallax, 312 
Parallel forces, 69 
Parallelogram of velocities, 13 
Pascal’s Law, 132 
Paschen’s law, 611 
Pendulum, Compensated, 203 
— Simple, 55 

Photographic camera, 358 
Photometer, Bunsen’s, 306 
— Joly, 307 
— Rum ford’s, 305 
Pitch of a note, 396 
Plane mirror, 310 
Points, Action of, 440 
Polarization, 515 


Poles of a cell, 515 
— of a magnet, 471 
Pole-strength, 486 
Post-office box, 561 
Potential, 424 
Potential Energy, 80 
Potentiometer, 561 
Pound, 3 
Poundal, 38 
Power, 79 

Pressure, definition of, 130 
— of atmosphere, 158 
— of vapour, 258 
Prevost s theory of exchanges, 

282 

Prism, 337 
Proof Plane, 435 
Pulleys, 100 

— Systems of, 101 
Pump, Air. 168 
— Water, 166 
— Geissler’s, 169 

, Q 

Quality, 396 

R 

Radiation, 279 
Radiograph, 615 
Rarefaction, 381 
Reaction, 36 

Rectilinear Propagation of 
light, 299 

Reed pipe, 412 

Reflection at plane surface, 309 
—at spherical „ ,318 

— of Light, Laws, 309 
— of heat rays, 280 
— of sound waves, 389 
— Telescope, 369 
— Total internal, 336 
Refraction, Index of, 330 
^of heat waves, 280 
— of light, 330 
— through a compound 

plate, 334 
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Refraction through a lens» 341 
— through a prism, 337 
Refrangibility, 351 
Regelation, 240 
Relative humidity, 263 
— velocity, 18 
Relay, 596 
Repulsion between 
— currents, 543 
— electric charges, 417 
— magnetic poles, 472 
Residual charge, 458 
Resistance box, 557 

— in series and parallel, 
563 

— Specific, 55G 

Resolution of Accelerations, 29 
— Forces, 89 
— Velocities, IG 
Resonance of air-columns, 408 
Reversibility of the path of 
Light, 339 

Rigid bodies, 122 
Rods, Longitudinal vibrations 
of, 412 

Roget’s vibrating spiral, 543 
Romei s method of velocity of 
Light, 372 

Rontgen rays, 614 
Ruhmkorfi’s coil, 589 
Rumford's Photometer, 305 

S 

Safety fuses, 608 
Saturated vapour, 258 
Savart’s toothed-M heel, 398 
Scale, Diatonic, 400 
Scre\^, 105 
Screw Jack, 106 
Secondary coil, 587 
— Batteries, 552 
Seebeck effect, 578 
Self-induction, 589 
Sensitiveness of a Balance, 

112, 113 


Sensitiveness of a galvanome- 
ter, 535 

Sextant, 370 
Short-sight, 362 
Shunts, 566 
Siphon, 165 
Siren, 398 
Smee’s cell, 520 
Solar Spectrum, 352 
Solenoid, 541 
Sonometer, 392 
Sound, Nature of, 377 

— Velocity of, in substan- 
ces, 386-389 

Space, 1 

Specific gravity, 147 
„ „ heat of Gases, 232 

— Liquids, 232 
— Solids, 331 

„ „ Inductive Capacity, 454 
„ „ Resistance, 557 
Spectrometer, 352 
Spectrum, Invisible, 352 
— Pure, 351 
— Solar, 352 
Speed, 10 

Sphere, Capacitv of, 451 
Stability of a Balance, 113 
Stable equilibrium, 92 
Stationaiy state, 274 
Steam engine, 292 
Steelyard, 116 
Storage battery, 552 
Strain, 123 
Stress, 123 
Surface tension, 137 
T 

Tangent galvanometer, 531 
Telegraph, 595 
Telephone, 598 
Telescope, Astronomical, 367 
— Galileo’s, 368 
— Magnifying power of, 365 
— Reflecting, 369 
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Temperature, 179 
— Absolute, 219 
— Measurement of, 1 84 
— Scales of, 189 
Thermal conductivity, 275 
Thermo-couple, 579 
Thermo-electricity, 578 
Thermometer, Air, 218 
—Alcohol, 191 
— Clinical, 193 
—Determination of fixed 
points, 187 

— Max.& Mm., 192, 193 
—Mercury, 186 
— Metal, 205 
— Platinum, 193 
— Weight, 207 
Thermopile, 581 
Thrust and pressure, 129 
Time, 1 

Torricellian vacuum, 159 
Total internal reflection, 336 
Total-reflection prism, 337 
Transformers, 600 
Triode valve, 607 | 

U 

Ultra-violet spectrum, 353 | 

Umbra, 302 

Unsaturated vapours, 258 

V 

Vacuum tube, 611 
Valve, Pleming^s, 607 
—Triode, 608 
Vapour pressure, 258® 

Variation of Pressure with 
height, 160 

Velocity, Definition of, 10 
— of light, 372 
— of sound, 386 
— ratio, 96 

Vibration of magnet in a uni- 
form field, 483 
—of stretched strings,392 


Virtual image, 311 
Viscosity, 125 
Vision, defects of, 362 
Volt, 531 
Voltaic cell, 514 
Voltameter, 546 
Voltmeter, 567 
Volume elasticity, 121 
W 

Water, Change in volume 

of, 209 

— equivalent of calori- 
meter, 229 

—pump, 166 
— vapour, 263 
Watt, 79 

Wave-length, 382 
Wedge, 104 
Weight, 49 

Weight thermometer, 207 
Wheatstone’s bridge, 568 
Wheel and axle, 99 
White light, 350 
Wiinshurst’s machine, 419 
Windlass, 100 
Wireless receiver, 606 
— telegraphy, 604 
— transmitter, 605 
Work, 77 

— ^Absolute unit of, 78 
— Gravitational unit of, 79 
— Measurement of, 77 
— Principle of, 96 

X 

X-Rays, Production of, 614 
— Properties of, 614 
— tube, 614 

Y 

Young’s modulus, 122 

Z 

Zeppelin, 173 

Zero of absolute temperature, 

219 


THE END. 












